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The h i g h  temperature  performance o f  s o l i d  l u b r i c a t e d  roll ing elements was con- 
ducted w i t h  a s p e c i a l l y  designed t r a c t i o n  ( f r i c t i o n )  tes t  appara tus .  Graphi te  
l u b r i c a n t s  conta in ing  three add i t ives  (si lver,  phosphate g l a s s  and zinc or tho-  
phosphate) were eva lua ted  from room temperature  t o  54OoC. Two hard c o a t s  were 
a l s o  eva lua ted .  
The e v a l u a t i o n  of these l u b r i c a n t s ,  using a burnishing method o f  a p p l i c a t i o n ,  
shows a reasonable  t r a n s f e r  o f  l u b r i c a n t  and wear p ro tec t ion  f o r  s h o r t  d u r a t i o n  
t e s t i n g  except  i n  the 2OOOC temperature range. The g r a p h i t e  l u b r i c a n t s  conta in inc  
si lver and zinc or thophosphate  add i t ives  were more e f f e c t i v e  than the phosphate 
glass ma te r i a l  over the test  condi t ions  examined. T rac t ion  c o e f f i c i e n t s  ranged 
from a low o f  0.07 t o  a h i g h  of 0.6. 
By curve f i t t i n g  the t r a c t i o n  d a t a ,  empir ica l  equat ions  f o r  s l o p e  and maximum 
t r a c t i o n  c o e f f i c i e n t  a s  a func t ion  of c o n t a c t  p re s su re  ( P ) ,  r o l l i n g  speed (U),  
and temperature  (T) can be developed for  each l u b r i c a n t .  A s o l i d  l u b r i c a n t  
t r a c t i o n  model was incorpora ted  i n t o  an advanced bear ing  a n a l y s i s  code (SHA.BERTH) . 
For comparison purposes,-  prel iminary h e a t  genera t ion  c a l c u l a t i o n s  were made f o r  
both o i l  and s o l i d  l u b r i c a t e d  bearing ope ra t ion .  A p re l iminary  a n a l y s i s  i nd ica t ed  
a s i g n i f i c a n t l y  higher  hea t  generat ion for  a s o l i d  l u b r i c a t e d  b a l l  bear ing  i n  a 
deep groove conf igu ra t ion .  An ana lys i s  o f  a cy1 i n d r i c a l  r o l l e r  bear ing  conf igura-  
t i o n  showed a p o t e n t i a l  f o r  a low f r i c t i o n  s o l i d  l u b r i c a t e d  bear ing.  
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1.0 INTRODUCTION 
The U.S.  Department of Energy (DOE) in conjunction with the 
National Aeronautical and Space Administration (NASA) initiated a 
program in 1981 for the development of technologies applicable to 
the advanced low heat rejection diesel engine. The program 
titled Heavy Duty Transport Technology Program (HDTT) has the 
following stated goal 113: 
"To provide the necessary technology base for 
use by industry in developing advanced heavy 
duty transport engines to permit a significant 
reduction of petroleum consumption per vehicle 
ton-mile." 
The initial step identified by the program in an effort to 
realize the stated goal is to develop key technologies needed to 
overcome the major technical barriers of a low heat rejection 
engine (LHR Diesel). The key problem areas have been identified 
as follows [ 2 ] :  
O Exhaust gas heat recovery 
0 Thermal insulation 
0 Adequate piston seals 
. .  
0 Emission standards 
0 Engine friction and wear 
Part of the technology base building to attack the final item 
of the above list is the subject of this final report. The LHR 
1 
AT86D002 
._ 
d iese l  e n g i n e  i s  des igned  t o  a c h i e v e  h igh  e n g i n e  e f f i c i e n c y  
low f u e l  consumption through the  combined e f f ec t s  of h i g h e r  
and 
o p e r a t i n g  t e m p e r a t u r e s ,  reduced heat l o s s e s ,  l i g h t e r  weight, and 
h i g h e r  e x h a u s t  energy recovery.  The higher  o p e r a t i n g  tem- 
p e r a t u r e s ,  however, pose  d i f f i c u l t  s t r u c t u r a l ,  material and 
l u b r i c a t i o n  problems. Bear ings  and o t h e r  l o a d  c a r r y i n g  c o n t a c t s  
a re  r e q u i r e d  t o  o p e r a t e  ove r  a t e m p e r a t u r e  r ange  t ha t  exceeds the  
c a p a b i l i t y  of c o n v e n t i o n a l  l u b r i c a n t s .  
A s o l u t i o n  t h a t  o f f e r s  p o t e n t i a l  i s  the  use  of s o l i d  l u b r i -  
c a t e d  r o l l i n g  and s l i d i n g  c o n t a c t s .  U n f o r t u n a t e l y ,  there  i s  v e r y  
l i t t l e  d e s i g n  data a v a i l a b l e  t o  a i d  i n  t h e  d e s i g n  of s o l i d  l u b r i -  
c a t e d  r o l l i n g  and s l i d i n g  c o n t a c t s .  T e s t i n g  of  s o l i d  l u b r i c a t e d  
c o n c e n t r a t e d  c o n t a c t s  h a s  t r a d i t i o n a l l y  been done w i t h  p u r e  
s l i d i n g  c o n d i t i o n s .  Consequent ly ,  t h e  data has l i m i t e d  a p p l i c a -  
b i l i t y  t o  t he  technology r e q u i r e d  f o r  c o n t a c t s  i n v o l v i n g  r o l l i n g  
o r  r o l l i n g  w i t h  some s l i d i n g .  These are t h e  t y p e s  of c o n t a c t s  
t h a t  would o c c u r  i n  s o l i d  l u b r i c a t e d  r o l l i n g  e lement  b e a r i n g s  f o r  
t he  lower  eng ine  areas of  a LHR d i e s e l  eng ine .  
The S o l i d  L u b r i c a t i o n  Design Methodology program sponsored  by 
DOE and moni tored  ky NASA-Lewis Research  Center was a two-phase 
program a t  SKF I n d u s t r i e s ,  Inc.  t o  e v a l u a t e  s o l i d  l u b r i c a n t s  and 
b e a r i n g  materials i n  combinat ion under  c o n t r o l l e d  t e s t  c o n d i t i o n s  
r e p r e s e n t a t i v e  of p r o j e c t e d  bea r ing  r e q u i r e m e n t s  i n  LHR e n g i n e s .  
2 
1 
1 
8 
I 
I 
m 
I 
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1 
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I 
1 
I 
1 
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The aim was t o  deve lop  q u a n t i t a t i v e  and q u a l i t a t i v e  g u i d e l i n e s  
f o r  u s e  i n  the  d e s i g n  of so l id  l u b r i c a t e d  b e a r i n g s ,  gears, and 
o t h e r  l o a d  c a r r y i n g  components. I n  Phase I [ 3 ] ,  t h e  c a n d i d a t e  
l u b r i c a n t  and material combinat ions were e v a l u a t e d  a t  room tem- 
p e r a t u r e  t o  s e l e c t  t h e  most promis ing  combina t ions  f o r  high t e m -  
p e r a t u r e  t e s t i n g .  A n a l y t i c a l  models and d e s i g n  g u i d e l i n e s  were 
deve loped  based on these room t e m p e r a t u r e  t e s t  r e s u l t s .  Phase I1 
was conducted  w i t h  the s e l e c t e d  combina t ions  a t  high t e m p e r a t u r e s  
( u p  t o  5 4 0 O C )  u s i n g  a s p e c i a l l y  d e s i g n e d  high t e m p e r a t u r e  r o l l i n g  
c o n t a c t  t e s t  r ig .  The Phase I1 t e s t  data was used t o  r e f i n e  t he  
a n a l y t i c a l  models and g u i d e l i n e s  t o  i n c l u d e  the e f f ec t s  of high 
t e m p e r a t u r e .  
T h i s  r e p o r t  d e s c r i b e s  the work done i n  Phase I1 of t he  
program. The Phase I r e su l t s  are  reviewed i n  S e c t i o n  2.0. The 
t e s t  a p p a r a t u s  and t e s t  procedure  are d e s c r i b e d  i n  S e c t i o n  3.0. 
A l l  tes t  r e s u l t s  are p r e s e n t e d  and d i s c u s s e d  i n  S e c t i o n  4.0. The 
a n a l y t i c a l  models c o n s t r u c t e d  with the  t r a c t i o n  f o r c e  measure- 
ments c o l l e c t e d  are d e s c r i b e d  and demons t r a t ed  i n  S e c t i o n  5.0. 
F i n a l l y ,  S e c t i o n  6.0 p r e s e n t s  c o n c l u s i o n s  fo rmula t ed  upon t h e  
r e s u l t s  of t he  e n t i - r e  program. 
. _ .  
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2 .0  SUMMARY OF PHASE I RESULTS 
Dur ing  Phase I, a n  e x i s t i n g  high speed, room t e m p e r a t u r e  
t r a c t i o n  r i g  with a bal l -on-disk c o n f i g u r a t i o n  was used t o  o b t a i n  
t r a c t i o n  data as a f u n c t i o n  of c o n t a c t  s l i p .  Most of t h e  exper i -  
ments were run  w i t h  M50 t o o l  s t e e l  b a l l  and d i s k  materials. 
P r e l i m i n a r y  e x p e r i m e n t a t i o n  was conducted  wi th  s i l i c o n  n i t r i d e  
and p a r t i a l l y  s t a b i l i z e d  z i r c o n i a .  The s o l i d  l u b r i c a n t s  tested 
i n c l u d e d  a se r ies  of g raphi te  l u b r i c a n t s  and composi te  l u b r i c a n t  
compacts.  The g r a p h i t e  l u b r i c a n t s  d i f f e red  on ly  by t h e i r  add i -  
t i v e  packages. They were 
0 P03Ag ( s i l v e r  a d d i t i v e )  
0 P2003 (phospha te  g l a s s  a d d i t i v e )  
0 P3310 ( z i n c  o r thophospha te  a d d i t i v e )  
The composi te  compact (Hughes Compact) c o n s i s t e d  of a po ly imide  
r e s i n  r e i n f o r c e d  with a 3-D weave of carbon f ibe r s  and 
impregnated  w i t h  a s o l i d  l u b r i c a n t .  The t e s t  r e s u l t s  a l lowed  the  
f o l l o w i n g  o b s e r v a t i o n s :  
1. The form of t h e  t r a c t i o n  v s .  c o n t a c t  s l i p  cu rve  were similar 
. .  
t o  t ha t  found Tor o i l  l u b r i c a t i o n .  They d i f f e r  i n  two impor- 
t a n t  respects.  With s o l i d  l u b r i c a t i o n  the  rate a t  which 
t r a c t i o n  i n c r e a s e d  with c o n t a c t  s l i p  as w e l l  as t h e  maximum 
l e v e l  of t he  t r a c t i o n  f o r c e  was s i g n i f i c a n t l y  higher .  
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For  t h e  s h o r t  term t e s t i n g  conducted ,  i t  was p o s s i b l e  t o  
t r a n s f e r  adequa te  l u b r i c a t i o n  t o  the d i s k  by b u r n i s h i n g .  
Wear performance was found t o  be e spec ia l ly  s e n s i t i v e  t o  con- 
t a c t  s l i p  and c o n t a c t  s t r e s s .  
The b e s t  wear p r o t e c t i o n  was p rov ided  by one of  t h e  composi te  
s o l i d  l u b r i c a n t s  (HAC2A/T50F4) fo l lowed  by t he  graphi tes  i n  
t h e  o r d e r  of P2003, P3310, P03Ag. 
Adequate t r a n s f e r  of so l id  l u b r i c a n t  was observed  wi th  M50 
s t ee l  and s i l i c o n  n i t r i d e  d i s k s .  B u r n i s h i n g  of t h e  p a r t i a l l y  
s t a b i l i z e d  z i r c o n i a  d i d  not p r o v i d e  a d e q u a t e  l u b r i c a n t  
c o a t i n g s  and e x t e n s i v e  wear r e s u l t e d .  
The material combina t ion  o f  M50 s t e e l  a g a i n s t  s i l i c o n  n i t r i d e  
gave  s u p e r i o r  wear performance o v e r  t h a t  of M50 s t e e l  a g a i n s t  
M50 s t ee l .  
Based on the  r e s u l t s  summarized above, s e v e r a l  g e n e r a l i z e d  
d e s i g n  g u i d e l i n e s  were fo rmula t ed .  Three  main causes  of t h e  
l i m i t e d  s e r v i c e  l i f e  of s o l i d  l u b r i c a t e d  r o l l i n g  b e a r i n g s  are: 
< -  
0 e x c e s s i v e - w e a r  a t  r o l l i n g  element/raceway c o n t a c t s  
0 loss of c l e a r a n c e  due t o  e x c e s s i v e  heat g e n e r a t i o n  
0 cage  o r  s e p a r a t o r  f a i l u r e s  
# 
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The b e a r i n g  geometry must be s e l e c t e d  t o  promote f o r m a t i o n  of a 
d u r a b l e  l u b r i c a n t  f i l m  and t o  minimize heat g e n e r a t i o n  a t  t he  
c o n t a c t s .  The b e a r i n g  and hous ing  d e s i g n  s h o u l d  maximize t he  
f l o w  of heat  away from the  bea r ing .  
t e r i a  were s u g g e s t e d  : 
The f o l l o w i n g  d e s i g n  c r i -  
Reduce Con tac t  S t ress  - This can  be a c h i e v e d  by u s i n g  a 
l a r g e r  number o r  larger s i z e d  r o l l i n g  e lement .  Lower c o n t a c t  
s tress w i l l  enhance t h e  maintenance of  a l u b r i c a n t  f i l m  and 
r e d u c e  heat g e n e r a t i o n  by lower ing  t r a c t i o n  f o r c e s  a t  t h e  con- 
t a c t .  
Reduce S l i d i n g  a t  t he  Contac t  - H e a t h c o t e  s l i p  a t  t h e  con- 
t a c t  can  be  reduced by lower ing  the  confo rmi ty  of r o l l i n g  e lement  
raceway c o n t a c t s .  L u b r i c a n t  f i l m  i s  d e p l e t e d  r a p i d l y  by s l i d i n g  
a t  the c o n t a c t .  Reducing conformi ty  w i l l ,  however, i n c r e a s e  t h e  
c o n t a c t  stress. The s e l e c t i o n  of b e a r i n g  geometry and materials 
must t h e r e f o r e  i n v o l v e  a t r a d e o f f .  
Wear R e s i s t a n t  Bea r ing  Materials - Use of s i l i c o n  n i t r i d e  
d i s k s  reduced t h e  wear of  c o n t a c t  s u r f a c e s .  Wear r e s i s t a n c e  can  
a l s o  be p rov ided  b y - c o a t i n g s  such as Armoloy and Ti tan ium 
N i t r i d e .  
and r e t e n t i o n  of s o l i d  l u b r i c a n t  f i l m s .  
. .  
The c o a t i n g s  can  a l s o  be  used t o  promote t h e  f o r m a t i o n  
Heat D i s s i p a t i o n  - The b e a r i n g  and hous ing  d e s i g n  must pro- 
v i d e  means of  d i s s i p a t i n g  t h e  heat  g e n e r a t e d  a t  t h e  
element/raceway c o n t a c t s .  
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At the end of Phase I, SKF decided to design and construct a 
new test apparatus optimized for testing high temperature, solid 
lubricated contacts. 
of the more promising lubricants at temperatures up to 540°C and 
the refinement of the analytical traction models to include tem- 
perature effects. 
This rig would enable the continued testing 
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3.0 TEST APPARATUS AND TEST PROCEDURE 
3 . 1  T e s t  Apparatus  
To conduct  t he  Phase I1 e v a l u a t i o n s ,  SKF I n d u s t r i e s  des igned  
and b u i l t  a unique  high t empera tu re  t r a c t i o n  t e s t  r ig .  This 
f a c i l i t y  s t u d i e s  the  t r a c t i o n  f o r c e  g e n e r a t e d  between a s i n g l e  
b a l l  and a f l a t  d i s k  as a f u n c t i o n  of speed,  c o n t a c t  s tress,  t e m -  
p e r a t u r e ,  l u b r i c a n t  a n d  material .  A s chemat i c  of t h e  tes t  appara- 
t u s  i s  shown i n  F i g u r e  3.1. The b a l l  and d i s k  c o n f i g u r a t i o n  i s  
shown i n  the  photograph  of F i g u r e  3.2. 
The b a l l  and d i s k  are enc losed  i n  a h i g h  t e m p e r a t u r e  oven. 
The oven i s  made of walls c o n s i s t i n g  of  e x t e r i o r  p a n e l s  of 304 
s ta in less  s t e e l  (3mm t h i c k )  and i n t e r i o r  p a n e l s  of 310 s t a i n l e s s  
s t e e l  (2.3mm t h i c k )  w i th  h igh  t e m p e r a t u r e  foam i n s u l a t i o n  between 
t h e  p a n e l s .  Openings f o r  t h e  heater i n l e t ,  b a l l  and d i s k  s p i n d l e  
e x t e n s i o n s  and the  exhaus t  p o r t  are l i n e d  w i t h  304 s t a i n l e s s  
s t e e l  t u b i n g .  F i g u r e  3.3 i s  a photograph  showing the  heater and 
t e s t  chamber e n c l o s u r e .  
The t e s t  chamber i s  heated by p a s s i n g  ambient  a i r  ove r  
e l e c t r i c  r e s i s t i v e - h e a t e r s  through s t a i n l e s s  s t e e l  p ipe  t o  t he  
chamber heater p o r t .  Cur ren t  f l ow t o  t h e  heaters is r e g u l a t e d  by 
a c o n t r o l l e r  which mon i to r s  t h e  oven t e m p e r a t u r e  v i a  a ther- 
mocouple. A second c o n t r o l l e r  s h u t s  o f f  t h e  c u r r e n t  i f  t he  
8 
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h e a t i n g  e l emen t s  exceed spec i f ied  t e m p e r a t u r e  l i m i t s .  The 
ambient  a i r  i s  s u p p l i e d  t o  t he  heater by a n  e l e c t r i c a l l y  d r i v e n  
o i l e s s  blower.  
The t e s t  b a l l  i s  adapted t o  a two-piece shaf t  assembly. A h i g h  
t e m p e r a t u r e  s e c t i o n  i s  made from I n c o n e l  625 and a low t e m p e r a t u r e  
s e c t i o n  i s  made of AIS1 8620 hot  r o l l e d  s t ee l .  The two s e c t i o n s  
are we lded  t o g e t h e r  t o  form an i n t e g r a l  u n i t .  
t o  a l l o w  passage of c o o l i n g  a i r  th rough  the sha f t .  
s u p p o r t e d  by duplex  a n g u l a r  c o n t a c t  b a l l  b e a r i n g s  and a c y l i n d r i c a l  
r o l l e r  b e a r i n g .  
on a s l i d e  t o  a l l o w  la te ra l  movement and changes  t o  the  b a l l - t o -  
d i s k  c o n t a c t  l o c a t i o n .  The s l i de  i s  mounted on a v e r t i c a l  shaft  
s u p p o r t e d  by radial  and t h r u s t  h y d r o s t a t i c  b e a r i n g s .  
c e s  a c t i n g  on t h e  b a l l  a t tempt  t o  r o t a t e  t h e  s h a f t  a b o u t  a n  a x i s  
p e r p e n d i c u l a r  t o  i t s  c e n t e r l i n e .  
s emiconduc to r  l o a d  c e l l .  
c e l l  i s  used t o  o b t a i n  the  t r a c t i o n  f o r c e  a t  t h e  b a l l / d i s k  c o n t a c t .  
The  d i s k  shaf t  i s  a l s o  a two-piece u n i t  w i t h  h i g h  and low t e m -  
p e r a t u r e  s e c t i o n s .  
h y d r o s t a t i c  b e a r i n g s .  
d i s k  shaf t  u s i n g  a dead weight l o a d i n g  d e v i c e .  
The shaft  i s  hol low 
The shaf t  i s  
The e n t i r e  s h a f t  and hous ing  assembly i s  mounted 
T r a c t i o n  f o r -  
The r o t a t i o n  i s  r e s t r a i n e d  by a 
The r e a c t i v e  f o r c e  measured by the  l o a d  
The d i s k  s h a f t  i s  r a d i a l l y  s u p p o r t e d  by 
The c o n t a c t  l o a d  is  s u p p l i e d  th rough  the 
The d i s k  and b a l l  shafts are d r i v e n  by independent  motors .  The 
b a l l  shaf t  i s  d r i v e n  by a 1491 watt ( 2  HP) synchronous AC motor  
1 2  
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a l l o w i n g  a b a l l  shaft speed up t o  7200 rpm. The d i s k  shaft  i s  
d i r e c t l y  coupled t o  a 2237 watt (3 HP) synchronous AC motor pro- 
v i d i n g  a r o t a t i n g  speed of up t o  3600 rpm. The shaf t  speeds are 
measured by speed  s e n s o r s  whose o u t p u t  i s  f e d  i n t o  a n  e l e c t r i c a l  
c i r c u i t  which p r o v i d e s  a s i g n a l  t h a t  i s  p r o p o r t i o n a l  t o  the  
s l i d e / r o l l  r a t i o  ( r a t i o  i n  speeds i f  one shaft  i s  v a r i e d  from p u r e  
r o l l i n g  c o n d i t i o n s ) .  The s l i d e / r o l l  r a t i o  s i g n a l  and t h e  t r a c t i o n  
l o a d  c e l l  o u t p u t  are f ed  t o  an  X-Y p l o t t e r  as t h e  X and Y a x e s ,  
r e s p e c t i v e l y .  I n  t h i s  manner, t h e  t r a c t i o n  f o r c e  vs .  s l i d e / r o l l  
r a t i o  cu rve ,  f o r  a g i v e n  test ,  i s  o b t a i n e d  d i r e c t l y .  F i g u r e  3.4 i s  
a photograph  of t he  e n t i r e  t e s t  a p p a r a t u s .  
C o n t a c t  l u b r i c a t i o n  i s  provided  by b u r n i s h i n g  t h e  b a l l  and d i s k  
s u r f a c e s .  The b a l l  is burn i shed  on ly  p r i o r  t o  the  t r a c t i o n  t e s t  
wh i l e  t h e  d i s k  i s  burn i shed  b o t h  b e f o r e  and d u r i n g  t h e  t r a c t i o n  
tes t .  To b u r n i s h  t h e  b a l l ,  t h e  l o a d  c e l l  i s  r e p l a c e d  wi th  a s p r i n g  
mechanism which causes  t h e  b a l l  s p i n d l e  t o  r o t a t e  a b o u t  t h e  ver- 
t i c a l  h y d r o s t a t i c  s p i n d l e  u n t i l  t he  b a l l  bears a g a i n s t  a l u b r i c a n t  
specimen.  The moment caused  by t h e  s p r i n g  i s  t h e n  ba lanced  by the  
moment c r e a t e d  by t h e  f o r c e  g e n e r a t e d  a t  t he  l u b r i c a n t / b a l l  con- 
t a c t .  
The d i s k  i s  burn i shed  by squeez ing  a l u b r i c a n t  specimen on b o t h  
s ides  while it i s  r o t a t i n g .  The t o p  l u b r i c a n t  specimen i s  housed 
i n  an arm which i s  s u p p o r t e d  by a rod. A similar arm s u p p o r t e d  by 
1 3  
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a t u b e  s u p p o r t s  t h e  lower l u b r i c a n t  specimen. The rod i s  mounted 
i n  l i n e a r  b e a r i n g s  i n s i d e  t h e  t u b e  which i t s e l f  i s  mounted on 
a n o t h e r  se t  of l i n e a r  bear ings .  A s p r i n g  loaded  p lunge r  f o r c e s  t he  
l u b r i c a n t  specimens o n t o  the d i s k  s u r f a c e s .  F i g u r e  3.5 i s  a sche-  
m a t i c  of t h i s  d e v i c e .  This arrangement minimizes  the  e f f e c t  of 
b u r n i s h i n g  l o a d  on t h e  c o n t a c t  l o a d  a p p l i e d  th rough  the  d i s k  shaft .  
3 . 2  Con tac t  T r a c t i o n  Measurement 
The i n d i v i d u a l  b a l l  and d i s k  s p i n d l e  speeds are v a r i e d  d u r i n g  
the  t e s t  run t o  p r o v i d e  a c o n t r o l l e d  amount of  d i f f e r e n t i a l  s l i p  
between t h e  two c o n t a c t i n g  s u r f a c e s .  The degree of s l i p  (S) is  
r e p r e s e n t e d  as a s l i d e - t o - r o l l  r a t i o  d e f i n e d  by 
s =  
where UD i s  t h e  s u r f a c e  speed  of the  d i s k  a t  t h e  c o n t a c t  c i r c l e  and 
UB i s  t h e  s u r f a c e  speed of t h e  b a l l .  The s l i d e / r o l l  r a t i o  r ep re -  
s e n t s  t he  ave rage  d i f f e r e n t i a l  s l i p  w i t h i n  t he  c o n t a c t  as shown i n  
F i g u r e  3.6. 
i s  faster than  the  b a l l  s u r f a c e  and n e g a t i v e  when t h e  d i s k  s u r f a c e  
i s  s l o w e r  t h a n  t h e  - b a l l  su r f ace .  
The s l i d e / r o l l  r a t i o  i s  p o s i t i v e  when t h e  d i s k  s u r f a c e  
The magnitude of t he  v e l o c i t y  v a r i a t i o n ,  as d e p i c t e d  i n  F i g u r e  
3.6 i s  a f u n c t i o n  of c o n t a c t  s i z e  and radial  p o s i t i o n ,  R ,  of the  
b a l l  on the  d i s k  s u r f a c e .  Much of the  m i c r o s l i p  v a r i a t i o n  w i t h i n  
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F i g u r e  3 . 6  V a r i a t i o n  o f  Disk  S u r f a c e  
V e l o c i t y  Across  t h e  C o n t a c t  
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t h e  c o n t a c t  can  b e  e l i m i n a t e d  by o p e r a t i n g  the  b a l l  s p i n d l e  a t  an  
a n g l e  w i t h  r e s p e c t  t o  the d i s k  s p i n d l e .  For  t h e  tes ts  p r e s e n t e d  i n  
t h i s  r e p o r t ,  the  r i g  was ope ra t ed  i n  the  s t a n d a r d  a r rangement  of a 
p e r p e n d i c u l a r  axis. 
The d i s k  s p i n d l e  has a too thed  p u l l e y  f o r  speed measurement.  A 
p r o x i m i t y  probe  i s  p laced  near  t h e  p u l l e y  t o  g e n e r a t e  a d i g i t a l  
p u l s e  t r a i n .  The high speed b a l l  s p i n d l e  has d i r e c t  d i g i t a l  speed  
o u t p u t .  The two o u t p u t s  are fed  i n t o  an  e l e c t r o n i c  c i r c u i t  of SKF 
d e s i g n  t o  g i v e  d i r e c t l y  t h e  s l i d e / r o l l  r a t i o  d e f i n e d  above. This 
s i g n a l  d r i v e s  the  X-axis of an X-Y pen p l o t t e r .  The i n d i v i d u a l  
speeds of the d r i v e s  are read from e l e c t r o n i c  c o u n t e r s .  The o u t p u t  
f rom the  t r a c t i o n  l o a d  c e l l  i s  f e d  t o  t h e  Y-axis of t h e  p l o t t e r .  
Thus,  t h e  t r a c t i o n  f o r c e  ve r sus  s l i d e / r o l l  r a t i o  c u r v e s  c a n  b e  
o b t a i n e d  d i r e c t l y  from the t e s t  r ig.  However, t h e  t r a c t i o n  f o r c e  
measured by the  l o a d  c e l l  is not t h e  t r a c t i o n  f o r c e  a t  t h e  c o n t a c t .  
The t r a c t i o n  f o r c e  a t  t h e  c o n t a c t ,  Tc, i s  c a l c u l a t e d  from t h e  t r a c -  
t i o n  l o a d  c e l l  r e a d i n g ,  TL, u s ing  t h e  r e l a t i o n s h i p  
where 22 i s  the  l e v e r  arm f o r  the l o a d  c e l l  and i s  the  d i s t a n c e  
between the  c e n t e r l i n e  of t h e  d i s k  shaf t  and the  c e n t e r l i n e  o f  the  
. .  
axis  of r o t a t i o n  of t he  b a l l / s p i n d l e  assembly.  This i s  i l l u s t r a t e d  
i n  F i g u r e  3.7. The c a l c u l a t i o n  of t h e  t r a c t i o n  f o r c e  a t  t h e  con- 
t a c t  i s  i n c o r p o r a t e d  i n t o  t h e  load c e l l  c a l i b r a t i o n .  
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3 . 3  Test Specimens 
3.3.1 D i s k  Specimens 
Dimensions of d i s k  specimens are shown i n  F i g u r e  3.8. The d i s k  
materials used i n  Phase I1 t e s t i n g  were Norton N C 1 3 2  h o t  pressed 
s i l i c o n  n i t r i d e ,  Armoloy ( e l e c t r o d e p o s i t e d  t h i n  dense  chrome) 
c o a t e d  M50 s t e e l ,  and T I N  ( t i t a n i u m  n i t r i d e )  c o a t e d  M50 s t ee l .  The 
d i s k  s u r f a c e s  were ground such t h a t  the l a y  of  s u r f a c e  roughness  
was c i r c u m f e r e n t i a l .  However, a ground s i l i c o n  n i t r i d e  s u r f a c e  
does  n o t  have a s i g n i f i c a n t  t o p o g r a p h i c a l  l l l ay l f  r e s u l t i n g  from t h e  
g r i n d i n g  d i r e c t i o n .  
n e s s  of 0.06 pm t o  0.075 p m  (2.5 - 3.0 p i n c h ) .  
The d i s k s  were ground t o  a n  RMS s u r f a c e  rough- 
3 . 3.2 B a l l  Specimens 
Dimensions of t he  b a l l  specimens are shown i n  F i g u r e  3.9. The 
b a l l  materials used i n  t h e  Phase I1 t e s t i n g  were Norton N C 1 3 2  h o t  
pressed s i l i c o n  n i t r i d e  (Si3N4) and M50 s t ee l .  The b a l l  specimens 
were s t a n d a r d  17.46mm (0.6875 i n c h )  diameter b e a r i n g  q u a l i t y  ba l l s  
(AFBMA A n t i - F r i c t i o n  Bea r ing  Manufac turers  A s s o c i a t i o n  Grade 10) 
m o d i f i e d  as shown i n  F i g u r e  3.9. A new b a l l  was used  f o r  each 
% .  
t e s t .  The ba l l s  were a t t a c h e d  t o  the d r i v e  s p i n d l e  u s i n g  a b o l t  
and  s p r i n g  washer assembly.  
AT86D002 
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3.3.3 L u b r i c a n t  Specimens 
Only the  three g raph i t e  based l u b r i c a n t s  t es ted  i n  Phase I were 
used  i n  t h e  Phase I1 t e s t i n g .  They are  
P03Ag 0 
0 P2003 
P3310 0 
They are a l l  manufactured by Pure Carbon Company. Some of t he  
t y p i c a l  p r o p e r t i e s  are l i s t e d  i n  T a b l e  3.1. 
The Hughes l u b r i c a n t  compact, a l t h o u g h  p r o v i d i n g  the best wear 
p r o t e c t i o n  i n  t h e  room tempera tu re  t e s t s  of Phase I,  does n o t  
p o s s e s s  t he  h igh  t e m p e r a t u r e  c a p a b i l i t y  r e q u i r e d  f o r  t h e  Phase I1 
t e s t i n g .  The poly imide  r e s i n  used i n  t h e  weave i s  t e m p e r a t u r e  
l i m i t e d  t o  abou t  315°C (600OF) and f o r  t h a t  r e a s o n  was exc luded  
from t h e  Phase I1 l u b r i c a n t s .  
Grade PO3 carbons  were developed f o r  high speed f a c e  seals and 
have  a h igh  thermal c o n d u c t i v i t y ,  s t r e n g t h ,  a b r a s i o n  r e s i s t a n c e  and 
o x i d a t i o n  r e s i s t a n c e .  P03Ag is  base PO3 grade ca rbon  impregnated 
w i t h  s i l v e r  metal t o  promote thermal c o n d u c t i v i t y .  Grade P2003 i s  
a base PO3 t y p e  material impregnated w i t h  r e l a t i v e l y  i n s o l u a b l e  
g lass - l ike  phospha te s  t o  improve i t s  s t r e n g t h  and p e r m e a b i l i t y .  I n  
a d d i t i o n ,  t he  g lass - l ike  phosphates  melt a t  h igh  t e m p e r a t u r e  and 
23 
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o x i d i z e  i n  p r e f e r e n c e  t o  the  g raph i t e .  
r e t a i n  t h e  graphi te  i n  t h e  c o n t a c t .  
t o  a b s o r b  m o i s t u r e .  The adsorbed m o i s t u r e  s o f t e n s  t h e  a d d i t i v e  and 
c o n v e r t s  i t  i n t o  a g e l  which upon h e a t i n g  may e x t r u d e  and ha rden  
i n t o  a s u r f a c e  g l a z e .  
t i v e  which i s  water i n s o l u a b l e .  
t he  phospha te  glass i n  P2003 but i s  n o t  as good a n  o x i d a t i o n  i n h i -  
b i t o r .  
i n f o r m a t i o n .  
The melt a l s o  he lps  t o  
The P2OO3 grade g raph i t e  t e n d  
P3310 c o n t a i n s  a z i n c  o r t h o p h o s p h a t e  add i -  
it has a h igher  m e l t i n g  p o i n t  t h e n  
The compos i t ions  of these g r a p h i t e  compounds i s  p r o p r i e t a r y  
3.4 Tes t  Procedure  
The Phase I1 t e s t i n g  procedure  b e n e f i t e d  from t h e  e x p e r i e n c e  
g a i n e d  d u r i n g  the  development of t he  Phase I t e s t i n g  p rocedure .  
T e s t i n g  c o n s i s t e d  of t h e  g e n e r a t i o n  of t r a c t i o n  c u r v e s ,  f o r  t he  
c o n d i t i o n s  des i r ed ,  u s i n g  a b u r n i s h i n g  method of l u b r i c a t i o n .  The 
tes ts  were f o l l o w e d  by some cu r so ry  t r i b o l o g i c a l  e v a l u a t i o n s  f o r  an  
a s s e s s m e n t  of t he  wear p r o t e c t i o n  p rov ided  by t h e  
l u b r i c a n t / m a t e r i a l  combinat ions.  
f o l l o w s  : 
The t e s t  p rocedure  was as 
1. I n s t a l l  new b a l l  and l o c a t e  a new c o n t a c t  p o s i t i o n  on t h e  d i s k .  
2. Clean specimens w i t h  T r i c l o r  e ther  and a c e t o n e .  
3. Heat specimens t o  tes t  t empera tu re  i n  t h e  high t e m p e r a t u r e  
e n c l o s u r e  whi le  d i s k  and b a l l  s u r f a c e s  are r o t a t i n g  b u t  
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unloaded .  Allow specimens t o  soak  a t  tes t  t e m p e r a t u r e  f o r  one 
hour .  
Adjus t  mounting of t e s t  specimen t o  c o r r e c t  f o r  d i f f e r e n t i a l  
thermal expansion.  
Burnish  l u b r i c a n t  on t h e  b a l l  and d i s k  s u r f a c e s  f o r  one hour  
u s i n g  a b u r n i s h i n g  l o a d  of 53N f o r  t h e  b a l l  and 62N f o r  the  
d i s k .  
Load d i s k  o n t o  b a l l  specimen a t  desired t e s t  l o a d  and w i t h  su r -  
f a c e  speeds s e t  f o r  p u r e  r o l l i n g .  Cont inue b u r n i s h i n g  the d i s k  
specimen.  (The b a l l  s u r f a c e  was n o t  l u b r i c a t e d  d u r i n g  the  
t e s t . )  
Genera t e  a t r a c t i o n  curve  i n  t h e  p o s i t i v e  and n e g a t i v e  direc- 
t i o n s  of s l i p .  ( T e s t  d u r a t i o n  was g e n e r a l l y  less t h a n  one 
minut  e. ) 
Turn o f f  heat and s p i n d l e  d r i v e s .  Open e n c l o s u r e  door ,  l o o s e n  
spec imens  and a l low t o  cool .  
Tes t  M a t r i x  
The c o n t a c t  l o a d s ,  r o l l i n g  speeds ,  and t e m p e r a t u r e s  s e l e c t e d  
f o r  the g r a p h i t e  l u b r i c a n t  t e s t i n g  and t h e  development of t r a c t i o n  
models i s  shown i n  Table  3.2.  These tests were f o r  Si3N4 b a l l s  
2 6  
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a g a i n s t  Si3N4 d i s k s  on ly .  The t e s t  m a t r i x  was s e l e c t e d  t o  cove r  
t h e  r ange  of o p e r a t i n g  c o n d i t i o n s  a n t i c i p a t e d  f o r  r o l l i n g  and 
s l i d i n g  c o n t a c t s  i n  advanced LHR d i e s e l  e n g i n e s .  
I n  a d d i t i o n  t o  the t e s t  ma t r ix  f o r  t h e  s i l i c o n  n i t r i d e / g r a p h i t e  
combina t ions  of Table  3.2, t h e r e  were a series of tes ts  run  u s i n g  
t h e  same l u b r i c a n t s  on a n  Armoloy c o a t e d  M50 s t ee l  d i s k .  This tes t  
matrix appears i n  Table  3.3. 
S e v e r a l  ve ry  c u r s o r y  t e s t s  were run  on t h e  TIN c o a t e d  M50 s t e e l  
d i s k  w i t h  no l u b r i c a n t  and M50 s t e e l  ba l l s .  These t e s t s  d i d  n o t  
f o l l o w  any prescr ibed  matrix. 
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4 .0  S O L I D  LUBRICANT TRACTION TESTS 
4 . 1  I n i t i a l  T e s t i n q  
A ser ies  of t e s t  r i g  check-out tes ts  as w e l l  as t e s t  p rocedure  
development  t e s t s  were run i n i t i a l l y .  
were run  a t  2 0 4 O C  ( 4 O O O F )  u s ing  P2003 and P03Ag g raph i t e  l u b r i -  
c a n t s .  This i n i t i a l  t e s t i n g  showed tha t  t he  g raph i t e  l u b r i c a n t s  
were n o t  e f f e c t i v e  a t  204OC (400OF). It i s  a well e s t ab l i shed  t h a t  
the p r e s e n c e  of gases o r  l i q u i d s  such  as abso rbed  water imparts 
good l u b r i c a t i n g  q u a l i t i e s  i n  g r a p h i t e .  It i s  f e l t  tha t  a t  t h i s  
2 0 4 O C  ( 4 O O O F )  t e m p e r a t u r e  r eg ion ,  t he  g r a p h i t e  l o s e s  m o i s t u r e  and 
t h a t  the t e m p e r a t u r e  i s  n o t  high enough f o r  t he  a d d i t i v e s  t o  come 
i n t o  p l a y .  Consequent ly ,  t h e  g raph i t e  a c t s  as an  a b r a s i v e  i n s t e a d  
of a l u b r i c a n t .  
( 4 O O O F )  was dropped i n  connec t ion  wi th  the s i l i c o n  n i t r i d e  b a l l  and 
d i s k  materials. The high t empera tu re  t e s t s  conducted  were a t  
37OoC (?OO°F) and 5 4 0 O C  (lOOO°F). The t e s t i n g  performed a t  these 2 
h igh  t e m p e r a t u r e s  u t i l i z e d  both s i l i c o n  n i t r i d e  d i s k s  and ba l l s .  
E a r l y  high t e m p e r a t u r e  tests 
Based on these i n i t i a l  r e s u l t s  t e s t i n g  a t  2 0 4 O C  
4 . 2 Graphite L u b r i c a n t s  a t  High Temperature  
= .  
The three (3 )  graphi te  l u b r i c a n t s ,  described i n  S e c t i o n  3.3.3, 
were tes ted f o r  e f f e c t i v e n e s s  as s o l i d  l u b r i c a n t s  a t  high t e m -  
p e r a t u r e .  The f i n a l  t e s t  ma t r ix  f o r  the graphi te  l u b r i c a n t s  a t  
h i g h  t e m p e r a t u r e s  i s  shown i n  Table  4 .1 .  T r a c t i o n  f o r c e  vs .  
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s l i d e / r o l l  r a t i o  cu rves  were gene ra t ed  f o r  a l l  36 tests. A t y p i c a l  
t r a c t i o n  curve  i s  shown i n  F igure  4.1. The s o l i d  l u b r i c a n t  used i n  
t h i s  t e s t  was P3310 under  test  c o n d i t i o n s  of 37OoC (7OOOF) chamber 
t e m p e r a t u r e ,  1034 MPa maximum H e r t z i a n  p r e s s u r e  (200 k s i )  and 6.35 
m / s  (250 i n / s e c )  r o l l i n g  speed. The t r a c t i o n  c u r v e  was g e n e r a t e d  
by i n i t i a l  o p e r a t i o n  a t  pu re  r o l l i n g  ( g i v i n g  z e r o  n e t  t r a c t i o n  i n  
t he  r o l l i n g  d i r e c t i o n )  fol lowed by a g r a d u a l  i n c r e a s e  i n  r o l l i n g  
speed  of one specimen u n t i l  a maximum t r a c t i o n  f o r c e  is reached.  
The r o l l i n g  speed i s  t h e n  a d j u s t e d  back t o  p u r e  r o l l i n g .  
t i v e  p o r t i o n  of t h e  t r a c t i o n  curve  was o b t a i n e d  by r e p e a t i n g  the  
p r o c e d u r e  but  l ower ing  the  speed below t h a t  which r e p r e s e n t s  pu re  
r 011 i n g  . 
The nega- 
The t r a c t i o n  cu rves  are c h a r a c t e r i z e d  by a s l o p e  (measured n e a r  
t h e  pu re  r o l l i n g  p o i n t )  and a maximum t r a c t i o n  f o r c e .  See t h e  
cu rve  of F i g u r e  4 .1 .  T y p i c a l l y ,  bo th  s l o p e  and maximum t r a c t i o n  
f o r c e  f o r  s o l i d  l u b r i c a n t s  a r e  s e v e r a l  times g r e a t e r  t h a n  o i l  
l u b r i c a t e d  c o n t a c t s .  
shown i n  F i g u r e  4.1 i s  0.31. 
p e r a t u r e  g raph i t e  tes ts  have  been t a b u l a r i z e d  and are p r e s e n t e d  i n  
T a b l e  4.2. 
The maximum t r a c t i o n  c o e f f i c i e n t  of t he  t e s t  
The r e s u l t s  from the  36 h i g h  tem- 
Inc luded  i n  the t a b l e  are each  c u r v e ' s  maximum t r a c t i o n  
. .  
f o r c e ,  as wel l  as, t h e  computed maximum t r a c t i o n  c o e f f i c i e n t .  
3 2  
3 3  
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Table.4.2 Measured Test Results for High Temperature 
Graphite Lubricants 
1 
2 
3 
4 
5 
6 
7 
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22 
23 
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26 
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30 
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32 
33 
34 
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SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SIJICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
SILICON NITRIDE SILICON NITRIDE 
. .  
P03AG 
POJAG 
w3AG 
POBAG 
P03AG 
PO3AG 
P2003 
P2003 
P2003 
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4 . 2 . 1  P3310 
The t e s t  that  produced t h e  t r a c t i o n  cu rve  of F i g u r e  4 . 1  was 
t e s t  number D311. Scanning e l e c t r o n  microscope (SEM) micrographs  
._ 
of t h e  t es t  b a l l  are  shown i n  F i g u r e  4.2.  A low power (25X) magni- 
f i c a t i o n  of t he  c o n t a c t  t r a c k  i s  shown i n  F i g u r e  4.2a. The a c t u a l  
wear t rack ( H e r t z i a n  c o n t a c t  zone) i s  the  sha rp  white  band i n  t he  
c e n t e r  of t he  w i d e  l i g h t  area. The remainder  of t h e  wide l i g h t  
a r e a  i s  e x c e s s  s o l i d  l u b r i c a n t  t r a n s f e r r e d  t o  t h e  b a l l  from bur- 
n i s h i n g  and/or  s o l i d  l u b r i c a n t  which has been squeezed o r  f o r c e d  
o u t  of  the c o n t a c t  zone. 
The o r i e n t a t i o n  of t he  SEM photomicrographs  with r e s p e c t  t o  the 
b a l l  and t h e  t e s t  arrangement  i s  shown i n  F i g u r e  4.3. Note the 
l o c a t i o n  of l e f t  and r i g h t  edges on F i g u r e  4.3 and then on t h e  
pho to  of F i g u r e  4.2a. This o r i e n t a t i o n  w i l l  be used  c o n s i s t e n t l y  
th roughou t  t he  remainder  of t h i s  r e p o r t .  F i g u r e s  4 . 2 ~  and 4.2d 
a re  h i g h e r  m a g n i f i c a t i o n  (250X) photomicrographs of t h e  edges, 
r e s p e c t i v e l y ,  of  tes t  b a l l  #31. F i g u r e  4.2b shows the c e n t e r  of 
t h e  c o n t a c t  zone under  l O O O X  m a g n i f i c a t i o n .  For  comparison pur- 
p o s e s ,  F i g u r e  4 . 4  p r e s e n t s  two l O O O X  photomicrographs of unrun,  as- 
f i n i s h e d  b a l l  s u r f a c e .  T h i s  is the  same m a g n i f i c a t i o n  as the  pho to  
o f  F i g u r e  4.2b. No t i ce  the c h a r a c t e r i s t i c  porous  appearance  t o  the 
. .  .  
b a l l  s u r f a c e .  To t h e  naked eye t h i s  s u r f a c e  appears smooth and 
l u s t e r o u s ,  and s t y l u s  t r a c e s  v e r i f y  t h e  s u r f a c e  f i n i s h  t o  meet the 
1 A l l  t h e  t e s t  number d e s i g n a t i o n s  were preceeded by the l e t t e r  
D. For  t h e  purpose  of t h i s  r e p o r t  t h e  tes ts  w i l l  be referred 
t o  by number on ly .  The D will appear o n l y  i n  the  SEM photos .  
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( a )  C o n t a c t  T rack  (b) Center o f  C o n t a c t  
( c )  Lef t  Edge o f  C o n t a c t  (d)  R i g h t  Edge o f  C o n t a c t  
F i g u r e  4 . 2  S i l i c o n  N i t r i d e  Tes t  Ba l l  
P3310, T = 3 7 0 O C  
C o n t a c t  S t r e s s  = 1378 MPa 
R o l l i n g  Speed = 6 . 3 5  m / s  
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F i g u r e  4 . 4  Unrun Silicon Nitride Ball  S u r f a c e  
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s p e c i f i c a t i o n s  of a n  AFBMA ( A n t i - F r i c t i o n  Bea r ing  Manufac tu re r s  
A s s o c i a t i o n )  Grade 10 q u a l i t y  b a l l .  
R e t u r n i n g  t o  the r e s u l t s  shown i n  the  pho tos  of F i g u r e  4.2,  the  
c o n t a c t  zone shows what appears t o  be patches of worked l u b r i c a n t  
and a w e l l  p r o t e c t e d  b a l l  s u r f a c e .  The t h i n  s u r f a c e  l a y e r  of 
l u b r i c a n t  has undergone some p l a s t i c  de fo rma t ion .  
Some tes t  runs  w i t h  the P3310 l u b r i c a n t  showed l i t t l e  o r  no 
a p p a r e n t  wear damage of t h e  b a l l  s u r f a c e .  This i s  shown i n  F i g u r e  
4.5 f o r  t e s t  #29 which was also a t  37OOC (700OF) b u t  w i t h  h igher  
c o n t a c t  stress, 2068 MPa (300 k s i )  and lower  r o l l i n g  speeds, 3.8 
m / s  (150 i d s ) .  The format  of F i g u r e  4.5 i s  t h e  same as F i g u r e  
4 .2 .  I n  t h i s  tes t  there  i s  very l i t t l e  e x c e s s  material a l o n g  t h e  
s ides  of the  c o n t a c t  zone. The t r a c k  c e n t e r ,  F i g u r e  4.5b appears 
t o  be v e r y  smooth and somewhat g l o s s y .  The measured t r a c t i o n  coef-  
f i c i e n t  f o r  t h i s  tes t  was 0.36. The P3310 r e s u l t s ,  f rom a s u r f a c e  
appea rance  v i ewpo in t ,  a t  370°C (7OOOF) and 54OoC (1000OF) were con- 
s i s t e n t  as ev idenced  by F igu res  4.6, 4.7 and 4.8. 
F i g u r e  4.9 p r e s e n t s  the  SEM micrographs  of  t e s t  b a l l  #28. Here 
we see a d e p a r t u r e , f r o m  the t y p i c a l  P3310 r e s u l t s  of the p r e v i o u s  
p h o t o s .  The t e s t  c o n d i t i o n s  were a t e m p e r a t u r e  of 54OOC (lOOO°F), 
c o n t a c t  s tress of 3.8 m / s  ( 150  i n / s ) .  The measured t r a c t i o n  coef -  
f i c i e n t  was o n l y  0.28, however, t h e  SEM micrographs  show a t h i c k ,  
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( a )  C o n t a c t  Track  (b )  Center o f  Con tac t  
( c )  L e f t  Edge o f  Con tac t  (d)  R igh t  Edge o f  Con tac t  
F i g u r e  4 . 5  S i l i c o n  N i t r i d e  Test B a l l  
P3310, T = 370OC 
Contact  S t r e s s  = 2068 MPa 
Ro l l ing  Speed = 3 .8  m / s  
4 0  
( a )  C o n t a c t  Track  (b )  C e n t e r  o f  C o n t a c t  
( c )  Lef t  Edge o f  C o n t a c t  (d)  R igh t  Edge o f  C o n t a c t  
F i g u r e  4 . 6  S i l i c o n  N i t r i d e  Test  B a l l  
P3310, T = 37OoC 
Contact  S t r e s s  = 1723 MPa 
R o l l i n g  Speed = 6.35  m / s  
4 1  
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( a )  C o n t a c t  T rack  (b)  C e n t e r  o f  C o n t a c t  
(d)  Lef t  Edge o f  C o n t a c t  (d)  Rigkit Edge o f  C o n t a c t  
F i g u r e  4 . 7  S i l i c o n  N i t r i d e  Test  Bal l  
P3310 ,  T = 540OC 
Contact  S t r e s s  = 2 0 6 8  MPa 
R o l l i n g  Speed = 6 . 3 5  m / s  
4 2  
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( a )  Con tac t  Track  (b )  C e n t e r  o f  Con tac t  
( c )  Lef t  Edge of Con tac t  (d )  R igh t  Edge o f  C o n t a c t  
F i g u r e  4 . 8  S i l i c o n  N i t r i d e  T e s t  B a l l  
P3310, T = 540OC 
Contact  S t r e s s  = 1378 MPa 
Ro l l ing  Speed = 3.8 m / s  
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( a )  Con tac t  Track  
( c )  Left  Edge of  Con tac t  
A T 8 6 D 0 0 2  
(b )  C e n t e r  o f  C o n t a c t  
(d )  R igh t  Edge o f  C o n t a c t  
F i g u r e  4 .9  S i l i c o n  N i t r i d e  Test B a l l  
P3310, T = 5 4 O O C  
Contact  S t r e s s  = 1 7 2 3  MPa 
Ro l l ing  Speed = 3 . 8  m / s  
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b r i t t l e  l o o k i n g  c o a t i n g  of l u b r i c a n t .  The l u b r i c a n t  which has been 
pushed o u t  of t he  c o n t a c t  zone i s  b r i t t l e  and cracked. There i s  
a l s o  ve ry  l i t t l e  l u b r i c a n t  l e f t  i n  t h e  c e n t e r  of t h e  c o n t a c t  zone. 
F i g u r e  4 .9b  shows t h e  c e n t e r  r e g i o n  a t  high m a g n i f i c a t i o n  (lOOOX) 
and o x i d a t i o n  of the s i l i c o n  n i t r i d e  s u r f a c e  i s  e v i d e n t .  The docu- 
mented o x i d a t i o n  of s i l i c o n  n i t r i d e  [ 4 ]  s ta tes  that  i t  o x i d i z e s  by 
forming  s i l i c a  (S i021  which appears v e r y  g l a s s y  and f i l l s  i n  the  
o r i g i n a l  s u r f a c e  p o r e s .  This has been v e r i f i e d  f o r  NC132 s i l i c o n  
n i t r i d e  i n  t e s t s  a t  SKF [SI. 
4.2.2 P03Aq 
The tes ts  conducted w i t h  P03Ag were much more i n c o n s i s t e n t  
t h e n  t h e  P3310 r e s u l t s  b u t ,  f r e q u e n t l y  y i e l d e d  lower  t r a c t i o n  
l e v e l s ,  p a r t i c u l a r l y  a t  5 4 O o C  (1000OF). Measured t r a c t i o n  v a l u e s  
f o r  the  P03Ag l u b r i c a n t  ranged from as low as 0.07 t o  as h igh  as 
0.66.  
There appears t o  be some c o r r e l a t i o n  between t h e  high t r a c -  
t i o n  v a l u e s  and t h e  appearance  of t h e  P03Ag l u b r i c a n t  on and 
around the  c o n t a c t  zone as ev idenced  by t h e  photomicrographs  of 
F i g u r e  4.10 and 4 .11 .  
F i g u r e  4.10 d e m o n s t r a t e s  t h i s  f o r  t e s t  #2 which had a tes t  
t e m p e r a t u r e  of 37OoC (7OO0F),  c o n t a c t  s t ress  of 1279 MPa (200 
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( a )  Con tac t  Track  
( c )  Con tac t  Track 
(b )  C e n t e r  o f  Con tac t  
(d )  S i l v e r  (Ag) Map o f  Track  
F i g u r e  4 . 1 0  S i l i c o n  N i t r i d e  Test  B a l l  
P03Ag, T = 370OC 
Contact  S t r e s s  = 1378 MPa 
Ro l l ing  Speed = 3 . 8  m / s  
4 6  
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( a )  Con tac t  Track  (b)  C e n t e r  o f  Con tac t  
( c )  L e f t  Edge o f  Contac t  (d)  R i g h t  Edge o f  Contac t  
F igu re  4 . 1 1  S i l i c o n  N i t r i d e  T e s t  Ball 
POSAg, T = 3 7 0 O C  
Contact  S t r e s s  = 1723 MPa 
Ro l l ing  Speed = 3 . 8  m / s  
4 7  
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k s i ) ,  and a r o l l i n g  speed of  3.8 m / s  (150 i n / s ) .  The low magni- 
f i c a t i o n  (25X) micrograph,  F igure  4.10, shows t h e  c o n t a c t  zone as 
a w e l l  d e f i n e d  wh i t e  streak on t h e  l e f t  most s ide  of  what appears 
t o  be a w e l l  p o l i s h e d  s u r f a c e .  The p o l i s h e d  appea rance  i s  t h e  
r e s u l t  of the  g r a p h i t e / s i l v e r  f i l l i n g  the p o r e s  and p i t s  of  the  
o r i g i n a l  b a l l  s u r f a c e  and being smoothed ove r  by c o n t i n u e d  bur- 
n i s h i n g .  F i g u r e  4 . 1 0 ~  i s  a medium m a g n i f i c a t i o n  (250X) 
micrograph  of t he  h e a v i e r  white streak t o  the r i g h t  of the con- 
t a c t  r eg ion .  Here w e  c l e a r l y  see a heavy d e p o s i t  of  l u b r i c a n t  
which i s  v e r i f i e d  by t h e  s i l v e r  (Ag) map of F i g u r e  4.10d. The 
measured t r a c t i o n  c o e f f i c i e n t  of 0.43 cou ld  be a r e f l e c t i o n  of 
t h i s  t y p e  of d e p o s i t  behavior .  
T e s t  #6 which was run  w i t h  t h e  same t e m p e r a t u r e  and speed bu t  
a t  a c o n t a c t  s tress of 1723 MPa (250 k s i )  had t h e  same measured 
t r a c t i o n  c o e f f i c i e n t  (0 .43)  b u t  ve ry  d i f f e r e n t  i n  appea rance ,  as 
shown i n  F i g u r e  4 . 1 1 .  A t  low m a g n i f i c a t i o n  ( F i g u r e  4.11a) w e  see 
t h a t  t h e  s u r f a c e  areas a l o n g s i d e  of  t he  c o n t a c t  zone do n o t  have 
the  same p o l i s h e d  appearance  as d i d  t h e  t e s t  b a l l  o f  F i g u r e  4.10. 
There are s t i l l  zones of heavy l u b r i c a n t  d e p o s i t ,  however, h igh 
m a g n i f i c a t i o n  examinat ion  ( F i g u r e s  4 . 1 1 ~  and d )  shows a l a c k  o f  
l u b r i c a n t  d e p o s i t s  and a bumpy and r u t t e d  s u r f a c e .  
The i n c o n s i s t e n t  n a t u r e  of the  r e s u l t s  can be s e e n  i n  t h e  
r e s u l t s  and photomicrographs o f  t e s t  #17. Here t h e  t e m p e r a t u r e  
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was the  same 370°C (7OOOF) but the  c o n t a c t  stress and r o l l i n g  
speed were h igher ,  2068 MPa (300 k s i )  and 6.35 m / s  (250 i d s ) ,  
r e s p e c t i v e l y .  The measured t r a c t i o n  c o e f f i c i e n t  was 0.26. 
Despite t he  low measured t r a c t i o n  l e v e l  t h e  photomicrographs  
( F i g u r e  4 . 1 2 )  show a d i s c o n t i n u o u s  l u b r i c a n t  f i l m  and e v i d e n c e  of 
wear damage i n  t he  c o n t a c t  zone. The high m a g n i f i c a t i o n  p i c t u r e  
( l O O O X )  i n d i c a t e s  a high degree  o f  p l a s t i c  d e f o r m a t i o n  i n  t h e  
c e n t e r  of t he  c o n t a c t  zone. 
The P03Ag t e s t s  conducted a t  540°C (1000OF) c o n s i s t e n t l y  pro- 
v ided  low t r a c t i o n  v a l u e s ,  0.07 t o  0.19. This may be a t t r i b u t e d  
t o  h i g h  t e m p e r a t u r e  b e h a v i o r  o f  t he  l u b r i c a n t  d u r i n g  b u r n i s h i n g .  
The P03Ag b u r n i s h e d  by l e a v i n g  heavy streaked d e p o s i t s  of  l u b r i -  
c a n t  t h a t  were high i n  s i l v e r  c o n t e n t .  F i g u r e s  4.13 t o  4.15 
i l l u s t r a t e  t h i s  as w e l l  as t h e  g e n e r a l  b e h a v i o r  of the P03Ag a t  
540°C (1000OF). 
a f t e r  a t r a c t i o n  t es t  a t  54OOC ( l O O O ° F ) ,  1723 MPa (250 k s i )  and 
6.35 m/s (250 i d s ) .  Low m a g n i f i c a t i o n  (25x1,  F i g u r e  4.13a shows 
a s i g n i f i c a n t  amount of l u b r i c a n t  b u r n i s h e d  on t h e  b a l l .  A t h i n  
F i g u r e  4.13 shows t h e  b a l l  specimen o f  t es t  #16 
g l o s s y  layer  appears t o  form i n  t he  t r a c k  ( F i g u r e  4.13b) which 
p r o v i d e  good p r o t e c t i o n  of t h e  b a l l  s u r f a c e  and a low maximum 
- .  
t r a c t i o n  c o e f f i c i e n t  of  0.15. 
The photomicrographs  of F i g u r e s  4 . 1 3 ~  and 4.13d show the  
unrun  b u r n i s h e d  areas on e i t h e r  s ide of t he  c o n t a c t  zone. Here 
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( b )  Center of Con tac t  
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( c )  Le f t  Edge of Contac t  
F i g u r e  4 . 1 2  S i l i c o n  
P03Ag, 
Contact  
R o l l i n g  
50  
(d)  R igh t  Edge o f  Contac t  
N i t r i d e  Test  Ba l l  
T = 370OC 
S t r e s s  = 2068 MPa 
Speed = 6.35 m / s  
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( a )  C o n t a c t  Track  (b )  C e n t e r  o f  C o n t a c t  
( c )  Lef t  Edge of  Con tac t  (d )  R i g h t  Edge of  C o n t a c t  
F i g u r e  4 . 1 3  S i l i c o n  N i t r i d e  Test  B a l l  
P03Ag, T = 540°C 
Contac t  S t r e s s  = 1723 MPa 
R o l l i n g  Speed = 6 .35  m / s  
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we see tha t  the l u b r i c a n t  is  d e p o s i t e d  i n  the form of  streaks of 
l i t t l e  nodu les  o r  spheres. As you look  c l o s e r  t o  the edge of t h e  
c o n t a c t  zone,  i t  becomes appa ren t  t h a t  the  l u b r i c a n t  spheres have  
been p l a s t i c a l l y  deformed and have f lowed t o g e t h e r  g i v i n g  a fla- 
t ened  and smeared appearance .  This is  e v i d e n t  i n  the  pho tos  of 
F i g u r e  4 .14  showing tes t  b a l l  #14 .  Here o n l y  t he  c o n t a c t  s t ress  
was changed t o  a lower ,  1379 MPa (200  k s i )  v a l u e .  The same nodu- 
l a r  streaks are a p p a r e n t ,  however i n  t h i s  i n s t a n c e ,  the  bur- 
n i s h i n g  seems t o  have  g i v e n  a r u t t e d  o r  grooved appea rance  t o  t h e  
b a l l  s u r f a c e .  
Some i n c o n s i s t e n c y  d i d  occur  i n  the r e s u l t s  of t he  P03Ag, as 
ev idenced  by F i g u r e  4.15. The f i g u r e  shows the  photomicrographs  
of  t e s t  b a l l  specimen #1 a f t e r  runn ing  a t  54OoC ( l O O O ° F ) ,  c o n t a c t  
s t ress  of  1379 MPa (200  k s i )  and a r o l l i n g  speed of 3.8 m / s  
(150 i d s ) .  Although p rov id ing  a low t r a c t i o n  v a l u e  o f  0.19, 
which i s  c o n s i s t e n t  w i t h  o t h e r  r e s u l t s ,  t he  obse rved  v i s u a l  beha- 
v i o r  i s  d i f f e r e n t .  F i g u r e  4.15a shows t h e  b u r n i s h e d  areas t o  be 
smooth and p o l i s h e d  l o o k i n g  as opposed t o  t h e  s t r e a k y  appea rance  
of t he  p r e v i o u s  f i g u r e s .  A l s o  t h e  t r a c k  area has a much more 
smeared and deformed appearance.  Higher m a g n i f i c a t i o n  (250X) of 
t h e  t r a c k  area ( F i g u r e s  4 . 1 5 ~  and 4.15d) i n d i c a t e  d e f o r m a t i o n  and 
damage of t h e  l u b r i c a n t  f i l m  and p o s s i b l y  t h e  o r i g i n a l  b a l l  su r -  
f a c e .  F i g u r e  4.15b i s  a h i g h e r  ( l O O O X )  m a g n i f i c a t i o n  view of  t h e  
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( a )  Con tac t  Track  ( b )  C e n t e r  o f  Con tac t  
( c )  Le f t  Edge of Con tac t  (d)  Right  Edge o f  Con tac t  
F i g u r e  4 . 1 4  S i l i c o n  N i t r i d e  Test  Bal l  
P03Ag, T = 54OoC 
Contac t  S t r e s s  = 1378 MPa 
R o l l i n g  Speed = 6 . 3 5  m / s  
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(a) C o n t a c t  T rack  (b)  C e n t e r  o f  C o n t a c t  
( c )  Lef t  Edge o f  C o n t a c t  (d )  R i g h t  Edge of C o n t a c t  
F i g u r e  4 . 1 5  S i l i c o n  
P03Ag, 
Con tac t  
R o l l i n g  
5 4  
N i t r i d e  Test  Bal l  
T = 540OC 
S t r e s s  = 1378 MPa 
Speed = 3 . 8  m / s  
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._ 
c e n t e r  of  t h e  t r ack  zone i n d i c a t i n g  a h i g h l y  p l a s t i c  b e h a v i o r  of 
t h e  s u r f a c e  f i l m .  This photo  s u g g e s t s  t h a t  t he  s u r f a c e  f i l m  may 
b e  t h e  r e s u l t  of o x i d a t i o n  and pa r t i a l  m e l t i n g  of  t h e  l u b r i c a n t .  
4 .2 .3  P2003 
The most i n c o n s i s t e n t  resul ts  were o b t a i n e d  w i t h  t h e  P2OO3 
l u b r i c a n t .  
a low of 0.16 t o  a high of 0.6 w i t h  t h e  m a j o r i t y  o f  t h e  tests 
y i e l d i n g  c o e f f i c i e n t s  t ha t  were higher  t h a n  the  o t h e r  two 
g r a p h i t e  l u b r i c a n t s .  The results showed a g e n e r a l  t r e n d  o f  
material removal and s u r f a c e  damage, e s p e c i a l l y  a t  t he  lower ,  
370OC (700°F) ,  t empera tu re .  These r e s u l t s  seem c o n t r a d i c t o r y  t o  
r e s u l t s  r e p o r t e d  from t e s t s  where P2003 material was used as a 
t t s e l f - l u b r i c a t i n g t t  cage  material [5,6].  
The t r a c t i o n  c o e f f i c i e n t s  measured ranged w i d e l y  f rom 
The r e s u l t s  are demonst ra ted  i n  t h e  photomicrographs  o f  
F i g u r e s  4.16 t o  4.20. F i g u r e s  4.16 and 4.17 d e m o n s t r a t e  t he  
g e n e r a l  appea rance  of the P2003 t e s t  ba l l s .  The f i g u r e s  p r e s e n t  
t es t  b a l l s  #9  and #11, r e s p e c t i v e l y .  Both t e s t s  were run  a t  a 
t e m p e r a t u r e  of 37OOC (7OOOF) and speed of 3.8 m / s  (150 i d s ) .  
Test #9 had a c o n t a c t  s t ress  of 1279 MPa (200  k s i )  whi le  t e s t  #11 
had a c o n t a c t  s tress of 2068 MPa (300 k s i ) .  Both sets  of  
micrographs  d e p i c t  a b a l l  s u r f a c e  w i t h  a ve ry  w i d e  wear t r ack  and 
the  lo s s  of a s i g n i f i c a n t  amount of material d u r i n g  t h e  s h o r t  
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( a )  Con tac t  Track (b )  C e n t e r  o f  Con tac t  
( c )  L e f t  Edge of Con tac t  (d)  R igh t  Edge o f  Con tac t  
F i g u r e  4 . 1 6  S i l i c o n  N i t r i d e  T e s t  B a l l  
P2003, T = 370OC 
Contac t  S t r e s s  = 1723 MPa 
R o l l i n g  Speed = 3 . 8  m / s  
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( a )  Con tac t  Track 
( c )  L e f t  Edge o f  Con tac t  
F i g u r e  4 . 1 7  S i l i c o n  
P2003 ,  
Contact  
R o l l i n g  
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(b)  Cen te r  o f  Con tac t  
(d)  R igh t  Edge of Con tac t  
N i t r i d e  T e s t  B a l l  
T = 37OoC 
S t r e s s  = 2068  MPa 
Speed = 3 . 8  m / s  
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( a )  Con tac t  Track (b) C e n t e r  o f  Con tac t  
(c) L e f t  Edge o f  Con tac t  
F i g u r e  4 . 1 8  S i l i c o n  
P2003, 
Contact  
R o l l i n g  
(d)  Right  Edge o f  Con tac t  
N i t r i d e  T e s t  Ball 
T = 54OoC 
S t r e s s  = 2068 MPa 
Speed = 3.8 m / s  
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( a )  Con tac t  Track  
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(c)  L e f t  Edge of Con tac t  
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F i g u r e  4 . 1 9  S i l i c o n  
P2003, 
Contac t  
R o l l i n g  
N i t  
T =  
S t r  
SPe 
5 9  
(b)  C e n t e r  o f  Con tac t  
(d )  R igh t  Edge o f  Con tac t  
. r i d e  T e s t  B a l l  
: 540OC 
' e s s  = 2068 MPa 
sed = 6.35  m / s  
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( a )  C o n t a c t  T rack  (b)  Center o f  C o n t a c t  
( c )  Lef t  Edge o f  Con tac t  (d )  R igh t  Edge o f  C o n t a c t  
F i g u r e  4 . 2 0  S i l i c o n  N i t r i d e  Tes t  Ba l l  
P2003, T = 540OC 
Contac t  S t r e s s  = 1378 MPa 
R o l l i n g  Speed = 6.35 m / s  
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d u r a t i o n  of the t e s t .  F i g u r e  4.17b (lO0OX) s u g g e s t s  t h a t  some 
o x i d a t i o n  of the  b a l l  s u r f a c e  may have occur red .  The measured 
maximum t r a c t i o n  C o e f f i c i e n t  f o r  these tests were 0.53 and 0.34, 
r e s p e c t i v e l y .  
F i g u r e  4.18 p r e s e n t s  t h e  photomicrographs f o r  t e s t  b a l l  #12, 
which provided  t h e  lowes t  recorded t r a c t i o n  c o e f f i c i e n t  f o r  
P2003, 0.16. The t e s t  c o n d i t i o n s  were a t e m p e r a t u r e  of 54OOC 
(lOOO°F), a c o n t a c t  s t r e s s  of 2068 MPa (300 k s i ) ,  and a r o l l i n g  
speed of 3.8 m / s  (150 i n / s ) .  It i s  obv ious  from the  photos  of 
F i g u r e  4.18, t ha t  t h e  s u c c e s s  (low t r a c t i o n )  of t h i s  p a r t i c u l a r  
t es t  r e s u l t e d  from t h e  e x t e n s i v e  p l a s t i c  f low and de fo rma t ion  of  
t h e  s u r f a c e  f i l m ,  i n  t h e  areas a l o n g  the edges of the  c o n t a c t  
zone. F i g u r e  4 . 1 8 ~  i n d i c a t e s  t h a t  t he  P2003, i n  t h i s  t es t ,  
formed i t s  s u r f a c e  f i l m  i n  a nodular ,  s t r e a k y  f a s h i o n  similar t o  
t he  more s u c c e s s f u l  P03Ag tests.  However, t he  high m a g n i f i c a t i o n  
( l O O O X )  view of F i g u r e  4.18b, i n d i c a t e s  that i n  the  c e n t e r  of the  
c o n t a c t  zone wear p r o t e c t i o n  was n o t  a t  a n  a c c e p t a b l e  l e v e l ,  as 
ev idenced  by t he  l o s s  of m a t e r i a l .  
The same p l a s t i c  behav io r  a t  t he  c o n t a c t  zone edges, b u t  poor  
wear p r o t e c t i o n  i n  %the c e n t e r  o f  t h e  c o n t a c t  zone i s  e v i d e n t  i n  
t h e  photomicrographs of t e s t  b a l l  #24 ,  F i g u r e  4.19. However, t h e  
measured t r a c t i o n  c o e f f i c i e n t  of t h i s  t e s t  was 0.39. Here the 
t e s t  c o n d i t i o n s  were i d e n t i c a l  t o  t h a t  of t e s t  # 1 2  w i t h  t he  
e x c e p t i o n  of a higher r o l l i n g  speed of 6.35 m / s  (250 i n / s ) .  
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F i g u r e  4 . 2 0  p r e s e n t s  t h e  photomicrographs f o r  t e s t  b a l l  #20. 
Under t e s t  c o n d i t i o n s  of a chamber t empera tu re  of 540OC ( l O O O ° F ) ,  
c o n t a c t  s tress of 1378 MPa (200 k s i )  and a r o l l i n g  speed of 6.35 
m / s  (250 i n / s ) ,  t he  P2003 provided l i t t l e  o r  no p r o t e c t i o n  and 
r e s u l t e d  i n  an  ex t r eme ly  high measured t r a c t i o n  c o e f f i c i e n t  of 
0.55. 
s ence  of t r a n s v e r s e  c r a c k s  a t  random i n t e r v a l s  t h a t  run  a c r o s s  
the  c o n t a c t  zone p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of r o l l i n g .  
Cracks l i k e  t h e s e  can be t h e  r e s u l t  of h igh  s u r f a c e  t e n s i l e  
stresses,  which occur  i n  a s i t u a t i o n  where normal f o r c e s  i n  a 
H e r t z i a n  c o n t a c t  zone combine with high t r a c t i o n .  Low f r i c t i o n  
i s  e s s e n t i a l  f o r  p r e s e r v i n g  s u r f a c e  i n t e g r i t y  as w e l l  as energy  
c o n s e r v a t i o n .  
Examinat ion of t h e  photos  of F i g u r e  4.20 r e v e a l s  t h e  pre- 
Macro s t r e s s e s  are r e a l l y  the  i n t e g r a t i o n  of normal and 
t a n g e n t i a l  micro  stresses d i s t r i b u t e d  w i t h i n  t h e  c o n t a c t  r eg ion .  
These l o c a l  stresses may be  many times greater  t h a n  the macro 
stresses and can ar ise  from l o c a l  s u r f a c e  d e p r e s s i o n s  o r  p i t s  
( F i g u r e  4 .20b)  o r  s u r f a c e  a s p e r i t i e s .  The high s u r f a c e  t e n s i o n s  
a round these d e p r e s s i o n s  causes  micro  c r a c k s  which p r o g r e s s  f rom 
p i t  t o  p i t  g i v i n g  r ise t o  t h e  macro c r a c k s  e v i d e n t  i n  F i g u r e  
4 .20a .  
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4 . 3  llARMOLOY" Coated M50 S t e e l  
Armoloy is a spec ia l  p rocess  chromium e l e c t r o d e p o s i t  t h a t  has 
demons t r a t ed  s i g n i f i c a n t  p o t e n t i a l  f o r  u s e  i n  r o l l i n g  c o n t a c t  
b e a r i n g  a p p l i c a t i o n s  C71. This  c o a t i n g  is f ree  from the  s u r f a c e  
c r a c k s  t h a t  c h a r a c t e r i z e  conven t iona l  hard chromium e l e c t r o d e p o -  
s i t s ,  p r o v i d i n g  f o r  enhanced c o r r o s i o n  r e s i s t a n c e .  A c o e f f i c i e n t  
o f  f r i c t i o n  v a l u e  of 0.16 is c la imed by the  Armoloy C o r p o r a t i o n  
f o r  uncoated  s tee l  a g a i n s t  coa ted  s t e e l .  A maximum c o a t i n g  
t h i c k n e s s  of 5 Pm (200 p inch)  is s p e c i f i e d  by t h e  Armoloy 
C o r p o r a t i o n .  
The Armoloy c o a t e d  M50 d i s k s  were t e s t ed  f o r  i t s  effec- 
t i v e n e s s  as a low f r i c t i o n  a d j u n c t  t o  the  s o l i d  l u b r i c a n t s .  The 
tes t  m a t r i x  used f o r  these t e s t s  is shown i n  T a b l e  4.3. T r a c t i o n  
f o r c e  vs .  s l i d e / r o l l  r a t i o  curves  were g e n e r a t e d  f o r  a l l  19 
tes ts .  
4 . 4 .  
f rom a low of  0 .21  t o  a high of 0.52. 
The r e s u l t s  of  t he  t r a c t i o n  t es t s  are p r e s e n t e d  i n  T a b l e  
A s  can be s e e n ,  t he  t r a c t i o n  v a l u e s  measured v a r i e d  w i d e l y  
In g e n e r a l  t h e  r e s u l t s  i n d i c a t e  that  the  combina t ion  of a 
s i l i c o n  n i t r i d e  b a l l  run  on an Armoloy s u r f a c e  is n o t  a com- 
p a t i b l e  s i t u a t i o n .  The p resence  of l u b r i c a n t  d i d  n o t  seem t o  
improve the  s i t u a t i - o n .  
The photomicrographs  of F igu re  4 . 2 1  i l l u s t r a t e  t h e  t y p i c a l  
b e h a v i o r .  T e s t  b a l l  #43 i s  shown i n  t h i s  f i g u r e .  The tes t  con- 
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T a b l e  4 . 4  Measured Test R e s u l t s  f o r  
Armoloy Coated M50 S t e e l  
Test Numbor 
----------- 
37 
38 
39 
40 
4 1  
4 2  
43 
54 
45 
46 
47 
48 
49 
51 
52 
53 
54 
55 
56 
Ball Material  
--------------- 
MSO 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
MSO 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
M50 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
MSO 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
SILICON NITRIDE 
Disc Material  
--------------- 
MSO ARnDLOY 
tlso ARnDLOY 
nso ARmLOY 
nso ARnDLoY 
Mso ARMLOY 
MSO ARMOLOY 
MSO ARMDLOY 
MSO ARMOLUY 
M50 ARHOLOY 
MSO ARMDLOY 
M50 ARMDLOY 
H50 ARHOLOY 
MSO ARHOLOY 
MSO ARmLOY 
MSO ARMDLOY 
M5O ARHOLOY 
HSO ARMOLOY 
M50 m L 0 Y  
MSO ARM3LOY 
Lubricant 
---------- 
Nom 
“E 
P3310 
P2003 
P03AG 
NONE 
NONE 
P3310 
P2003 
POJAG 
NONE 
NONE 
P3310 
P03AG 
NONE 
NONE 
P3310 
P2003 
P03AG 
0 Tempera ture  i n  F 
S t r e s s  i n  k s i  
Speed i n  i n / s  
T r a c t i o n  i n  l b .  
6 5  
Temporaturo 
----------- 
400 
400 
400 
400 
400 
400 
400 
400 
400 
400 
600 
600 
600 
600 
600 
600 
600 
600 
600 
250 
250 
250 
250 
300 
300 
300 
300 
300 
250 
250 
250 
250 
300 
300 
300 
300 
300 
Spbod 
----- 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
M a x  Traction 
7.2 
7.7 
10.1 
10.0 
11.1 
33.8 
26.3 
19.6 
19.5 
25.0 
7.8 
13.1 
11.6 
5.5 
21.6 
24.8 
13.3 
15.1 
17.9 
M a x  Coefficient 
0.43 
0.30 
0.39 
0.39 
0.44 
0.52 
0 . 4 2  
0.31 
0.31 
0.39 
0.21 
0.51 
0.45 
0.22 
0.33 
0.39 
0.52 
0.24 
0.28 
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( a )  C o n t a c t  T rack  (b )  C e n t e r  o f  C o n t a c t  
( c )  Chrome Map o f  C e n t e r  (d)  I r o n  Map of  C e n t e r  
F i g u r e  4 . 2 1  S i l i c o n  N i t r i d e  T e s t  Ba l l  
Armoloy, T = 200°C 
Contact  S t r e s s  = 2068 MPa 
R o l l i n g  Speed = 6 . 3 5  m / s  
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d i t i o n s  were a- t empera tu re  of 200°C (400°F) ,  a c o n t a c t  s t ress  of 
2068 MPa (300 k s i )  and a r o l l i n g  speed of 6.35 m / s  (250 i d s ) .  
No l u b r i c a n t  was used i n  t h i s  t e s t .  The measured maximum t r a c -  
t i o n  c o e f f i c i e n t  was 0.42. Even i n  t h e  s h o r t  amount of time of 
t h e  t es t  (-2 minu te s )  t h e r e  appears  t o  be e v i d e n c e  of b a l l  sur -  
f a c e  damage ( F i g u r e  4.21a). A t  h igher  m a g n i f i c a t i o n  ( l O 0 O X )  
there a l s o  appears t o  be material  d e p o s i t e d  i n  the c o n t a c t  zone 
( F i g u r e  4 . 2 1 b ) .  Subsequent  X-ray d i s p e r s i o n  examina t ion  (EDAX) 
r e v e a l e d  t h e  d e p o s i t s  t o  be i r o n  (Fe) and chrome ( C r ) ,  the  two 
major  c o n s t i t u e n t s  of t h e  Armoloy c o a t i n g  and t h e  d i s k .  This 
would i n d i c a t e  tha t  i n  a s h o r t  t i m e  t h e  i n t e g r i t y  of t h e  c o a t i n g  
was d e s t r o y e d .  
Test #49 ( F i g u r e  4 . 2 2 )  run a t  315OC (600OF) and w i t h  t h e  a i d  
of P3310 l u b r i c a n t  ( t h e  best performing g raph i t e )  provided  no 
b e t t e r  r e s u l t s .  The measured t r a c t i o n  c o e f f i c i e n t  was 0.45 and 
there  was a l s o  c o n s i d e r a b l e  chrome and i r o n  p i c k  up on the b a l l  
( F i g u r e s  4.22a t o  4 .22d) .  
The d i s k  s u r f a c e  appeared t y p i c a l l y  as i l l u s t r a t e d  by F i g u r e s  
4.23a t o  4.23d. These are p r o g r e s s i v e l y  h igher  m a g n i f i c a t i o n  of 
t h e  c o n t a c t  zone or! t h e  d i s k  of t e s t  #46, as w e l l  as low magni f i -  
c a t i o n  of t h e  t e s t  ba l l .  The b a l l  ( F i g u r e  4.23d) shows i t s e l f  t o  
be ve ry  similar i n  appea rance  t o  the  b a l l  of F i g u r e  4.22a. That 
i s  t h e  appea rance  of  streaks of d e p o s i t e d  material a c r o s s  t he  
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( a )  C o n t a c t  Track  ( b )  C e n t e r  o f  Contac t  
( c )  Chrome Map o f  C e n t e r  (d )  I r o n  Map o f  C e n t e r  
F i g u r e  4 . 2 2  S i l i c o n  N i t r i d e  Test  Ba l l  
Armoloy - P3310, T = 315OC 
Contact S t r e s s  = 1 7 2 3  MPa 
Ro l l ing  Speed = 6.35  m / s  
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( a )  Disk  Con tac t  T r a c k  (b)  C e n t e r  o f  C o n t a c t  
( c )  C e n t e r  o f  Con tac t  
F i g u r e  4 .23  Tes t  Spec 
T = 2 O O O C  
Contac t  S 
R o l l i n g  S 
6 
(d)  Ball  C o n t a c t  T rack  
imens SigNq/Armoloy/PO3Ag 
t ress  = 2068 MPa 
peed  = 6 . 3 5  m / s  
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c o n t a c t  zone. 
f a c e .  The c o n t a c t  zone i s  c h a r a c t e r i z e d  by material removed 
F i g u r e s  4.23a t o  4 . 2 3 ~  show the  damaged d i s k  sur -  
r e s u l t i n g  p i t s  o r  c r a t e r s  which i n  t u r n  have had t h e i r  edges 
smeared o v e r  by the  mot ion  of t he  b a l l .  
F i g u r e  4 .24  p r e s e n t s  t he  photomicrographs of  tes t  #51 which 
was t h e  o n l y  t e s t  w i t h  b o t h  a r e a s o n a b l e  t r a c t i o n  l e v e l  and some 
wear p r o t e c t i o n .  
(P03Ag). 
high enough f o r  t he  P03Ag t o  behave as demons t r a t ed  p r e v i o u s l y .  
The measured t r a c t i o n  c o e f f i c i e n t  was 0 .22  and examina t ion  of t h e  
pho tos  r e v e a l s  some wear p r o t e c t i o n  of t h e  d i s k  s u r f a c e .  
The l u b r i c a n t  was s i l v e r  f i l l e d  g r a p h i t e  
The t e m p e r a t u r e  was 315OC (600OF) and may have  been 
4 . 4  T i t an ium Ni t r ide  Coated M50 Stee l  
A se r ies  of  f i v e  (5) tes ts  were run  t o  i n v e s t i g a t e  the  per- 
formance of a t i t a n i u m  n i t r i d e  ( T I N )  c o a t e d  M50 d i s k .  Thin  
c o a t i n g s  o f  TIN ( 3  t o  5 um) d e p o s i t e d  by a p h y s i c a l  vapor  depos i -  
t i o n  (PVD) t e c h n i q u e  have  been r e p o r t e d  t o  i n c r e a s e  t h e  l i f e  of 
c u t t i n g  t o o l s  as much as 20 times [8].  
tremendous p o t e n t i a l  f o r  f r i c t i o n ,  wear and c o r r o s i o n  c o n t r o l  i n  
PVD TIN c o a t i n g s  o f f e r  
r o l l i n g  b e a r i n g s .  = - A p p l i c a b i l i t y  t o  b e a r i n g  materials such  as 
AIS1 M50 s t e e l  wi thou t  i nduc ing  m e t a l l u r g i c a l  damage makes i t  a 
pr ime c a n d i d a t e  f o r  e v a l u a t i o n  i n  f r i c t i o n  and wear programs. 
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( a )  Bal l  C o n t a c t  Track  ( b )  C e n t e r  o f  B a l l  C o n t a c t  
( c )  Disk Con tac t  Track  (d)  C c n t e r  o f  Disk  C o n t a c t  
F i g u r e  4 . 2 4  T e s t  Specimens Si3Nq/Armoloy/P03Ag 
T = 315OC 
Con tac t  S t r e s s  = 1723 MPa 
R o l l i n g  Speed = 6 . 3 5  m / s  
7 1  
A l l  t h e  
t e m p e r a t u r e  
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tests i n v o l v i n g  t h e  TIN coa ted  d i s k  were r u n  a t  room 
and w i t h  M50 s teel  b a l l  specimens.  The r o l l i n g  speed 
was the  same f o r  a l l  f i v e  tests a t  3.8 m / s  (150 i n / s ) .  There 
were, however, 3 tes ts  run  dry o r  w i thou t  t h e  p r e s e n c e  of any 
l u b r i c a n t  and 2 tes ts  wi th  o i l  l u b r i c a t i o n .  
f i v e  tes ts  and t h e i r  running  c o n d i t i o n s  i s  i n c l u d e d  as Table  4.5. 
A t ab le  showing t h e  
The three u n l u b r i c a t e d  t e s t s  p rov ided  similar r e s u l t s  b u t  
s u r p r i s i n g l y  h igh  t r a c t i o n ,  0.42 t o  0.56. However, these ve ry  
c u r s o r y  tes ts  do n o t  p r o v i d e  enough data t o  i s s u e  any f a c t u a l  
judgement on t h e  f r i c t i o n a l  c h a r a c t e r i s t i c s  of  the c o a t e d  d i s k .  
F i g u r e  4.25 i l l u s t r a t e s  t h e  t y p i c a l  appea rance  of  t h e  t e s t  
b a l l  specimens a f t e r  t h e  t r a c t i o n  t e s t .  F i g u r e  4.25 i s  f o r  t es t  
#57 which was run  a t  a c o n t a c t  s tress of 1379 MPa (200 k s i ) .  
B a l l  wear was n e g l i g i b l e  as can be s e e n  i n  F i g u r e  4,25a,  however, 
there  i s  e v i d e n c e  of  material t r a n s f e r  t o  t h e  b a l l .  Upon f u r t h e r  
examina t ion  and EDAX e v a l u a t i o n  ( F i g u r e s  4 . 2 5 ~  and 4.25d) i t  was 
de termined  tha t  t h e  material  i s  l a r g e l y  t i t a n i u m  ( T i )  which would 
i n d i c a t e  removal of c o a t i n g  m a t e r i a l  from the d i s k .  F i g u r e  4.25b 
i s  a l O O O X  m a g n i f i c a t i o n  micrograph o f  t he  unrun b a l l  s u r f a c e .  
Even a t  the h ighe r  c o n t a c t  s tress of 1723 MPa (250 k s i )  t h e  
r e s u l t s  appear t h e  same (F igu re  4.26) .  Perhaps  t h e  most 
i n t e r e s t i n g  r e s u l t  about  t h e s e  tes ts  r e v o l v e s  around the  d i s k .  
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( a )  Con tac t  Track (b)  Unrun M S O  B a l l  S u r f a c e  
( c )  Cen te r  of  Con tac t  
F i g u r e  4 . 2 5  M S O  Tes t  
(d)  T i t an ium Map o f  C e n t e r  
B a l l  
T i N  Coated D i s k  
Room Temperature  
Contact  S t r e s s  = 1378 MPa 
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( a )  Contac t  Track 
(b)  L e f t  Edge o f  Con tac t  (c) R igh t  Edge o f  Con tac t  
F i g u r e  4 . 2 6  M50 T e s t  B a l l  
T I N  Coated D i s k  
Room Temperature  
Con tac t  S t r e s s  = 1723 MPa 
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F i g u r e  4.27 p r e s e n t s  photomicrographs of  t he  d i s k  s u r f a c e .  
F i g u r e  4.27a i s  a 250X m a g n i f i c a t i o n  view of t h e  unrun ,  c o a t e d  
s u r f a c e .  N o t i c e  the  appearance  of g r i n d i n g  l i n e s  o r  s c r a t c h e s ,  
owing t o  t he  t h i n  n a t u r e  of t h e  TIN c o a t i n g .  There a l s o  appears 
t o  be a s u b s t a n t i a l  amount of s u r f a c e  p i t s  o r  v o i d s  i n  t h e  s u r -  
f a c e  c o a t i n g .  
F i g u r e s  4.27b and 4 . 2 7 ~  show t h e  t r a c k  ( c o n t a c t  zone)  areas 
on t h e  d i s k  s u r f a c e  where the t r a c t i o n  t es t s  were run. The black 
marks o r  s t a i n s  are i n k  s p o t s  made t o  mark the l o c a t i o n .  Note 
that  t h e  on ly  ev idence  of c o n t a c t  i s  a s l i g h t  d i s c o l o r a t i o n  band. 
There i s  n o t h i n g  on the  s u r f a c e  t ha t  would c o r r e l a t e  w i t h  the 
material p i c k  up on t h e  ba l l s .  Thus,  one p o s s i b l e  s c e n a r i o  con- 
c e r n i n g  t h e  d e p o s i t s  on the  t e s t  ba l l s  i s  t h a t  i t  i s  a n  o x i d e  of  
t i t a n i u m ,  formed by t h e  hea t  and t r i b o - c o n d i t i o n s  of the c o n t a c t .  
Upon f u r t h e r  examina t ion ,  t r ack  #3, which i s  t h e  t r a c k  that  
c o r r e s p o n d s  t o  t e s t  #58 (2068 MPa (300 k s i ) ) ,  r e v e a l s  t he  early 
stages o f  d i s k  s u r f a c e  damage. F i g u r e  4.28 p r e s e n t s  t h e  
mic rographs  of t h i s  area on t h e  d i s k .  The pho tos  i n d i c a t e  tha t  
the s u r f a c e  c o a t i n g  i s  beginning  t o  break  down a l o n g  t h e  edges of 
what appears t o  be=_a prominent g r i n d i n g  mark o r  s c r a t c h .  This 
would lead one t o  b e l i e v e  that  t h e  c o a t i n g s  and t h e i r  s u c c e s s  are  
v e r y  dependent  upon t h e  s u b s t r a t e  p r e p a r a t i o n  and s u r f a c e  
i n t e g r i t y .  
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( a )  Unrun Disk S u r f a c e  
(b)  Disk Tracks  
F i g u r e  4 . 2 7  
(c )  Disk Tracks  
T i N  Coated Disk 
T r a c t i o n  T e s t  C o n t a c t  P a t h s  
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( a )  D i s k  T r a c k  # 3  (b )  T r a c k  # 3  Damage Area 
( c )  T rack  # 3  Damage Area 
F i g u r e  4 .28  T I N  Coa ted  Disk  
Contac t  P a t h  f o r  2068 MPa Test 
7 8  
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4.5 D i s c u s s i o n  of T r a c t i o n  R e s u l t s  
The r o l l i n g  e l emen t - lub r i can t  combina t ions  tested u s i n g  the  
tes t  m a t r i x  of T a b l e  4 . 1  were l i s t e d  i n  T a b l e  4.2 wi th  the 
measured ( r e c o r d e d )  resul ts .  The t ab le  l i s t s  as one of the key 
r e s u l t s  the l i m i t i n g  t r a c t i o n  f o r c e .  This i s  the a c t u a l  t r a c t i o n  
f o r c e  a c t i n g  on the  b a l l  measured a t  t h e  p o i n t  where t h e  t r a c t i o n  
vs .  s l i d e / r o l l  cu rve  l e v e l s  t o  a maximum. Working w i t h  t h i s  
v a l u e  (as opposed t o  c o e f f i c i e n t )  a l l o w s  be t te r  d i r e c t  comparison 
o f  t h e  t r e n d s  i n  t he  r e s u l t s  and l e n d s  i t s e l f  be t t e r  t o  t h e  pro- 
c e s s  of j udg ing  l u b r i c a n t  e f f e c t i v e n e s s .  
Va lues  of l i m i t i n g  t r a c t i o n  f o r c e  f o r  t h e  high t e m p e r a t u r e  
g r a p h i t e  t es t s  are p l o t t e d  i n  F i g u r e s  4.29, 4.30 and 4.31 f o r  
P3310, P03Ag and P2003, r e s p e c t i v e l y .  The r e s u l t s  show t h a t  t he  
l i m i t i n g  t r a c t i o n  f o r c e  was a f u n c t i o n  o f  t h e  c o n t a c t  s tress and 
r o l l i n g  speed, much l i k e  was found i n  Phase I C31. The e f f ec t  of 
c o n t a c t  s tress was greater then t h e  e f f e c t  o f  r o l l i n g  speed w i t h  
the l a t t e r  showing i t s  g r e a t e s t  e f f e c t  a t  h igh  c o n t a c t  s t ress  
l e v e l s .  For any g i v e n  l u b r i c a n t  there  i s  a n o t i c e a b l e  d e c l i n e  i n  
t he  t r a c t i o n  l e v e l s  as t e m p e r a t u r e  was i n c r e a s e d  from 37OOC 
(7OOOF) t o  5 4 O o C  (1OOOOF). This i s  i n d i c a t i v e  o f  t he  f a c t  t h a t  
these l u b r i c a n t s  are des igned  f o r  u s e  a t  high t e m p e r a t u r e s .  
The bes t  pe r fo rming  l u b r i c a n t  from a n  o v e r a l l  t r a c t i o n  l e v e l  
s t a n d p o i n t  was the  P3310. This c o r r e l a t e s  wel l  w i t h  t h e  SEM exa- 
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m i n a t i o n s  which r e v e a l e d  t h e  P3310 be t t e r  t h a n  the o t h e r  two 
g r a p h i t e s  with regard t o  wear p r o t e c t i o n .  Given the  f a c t  t h a t  
t h e  s p a n  i n  measured t r a c t i o n  f o r c e  was n o t  o f  large magnitude 
( a t  a g i v e n  t e m p e r a t u r e )  wear p r o t e c t i o n  i s  a weighty f a c t o r  i n  
l u b r i c a n t  s e l e c t i o n .  On t h i s  basis P3310 would appear t o  be t h e  
g r a p h i t e  of c h o i c e  a t  h igh  t e m p e r a t u r e s .  
Va lues  of l i m i t i n g  t r a c t i o n  f o r c e  f o r  t e s t s  u s i n g  s i l i c o n  
n i t r i d e  bal ls  on the  Armoloy coa ted  M50 d i s k  are  p l o t t e d  i n  
F i g u r e  4.32. 
c o n t a c t  s tress e f f ec t s .  However, the  t r a c t i o n  l e v e l s  are 
s u b s t a n t i a l l y  higher .  This l a t t e r  f a c t  c o r r e l a t e s  w e l l  wi th  the  
obse rved  l a c k  of wear p r o t e c t i o n  n o t e d  i n  t h e  SEM examina t ion  of 
these tes t  p a i r s .  One i n t e r e s t i n g  t r e n d  i s  t h e  l a c k  of any 
s i z e a b l e  d i f f e r e n c e  i n  t he  t r a c t i o n  l e v e l s  a t  t h e  two d i f f e r e n t  
t e m p e r a t u r e  l e v e l s .  A l l  t h r e e  l u b r i c a n t s  y i e l d e d  v e r y  similar 
t r a c t i o n  l e v e l s  and n e i t h e r  of them prov ided  any s u b s t a n t i a l  
improvement o v e r  no l u b r i c a n t .  
S imi l a r  t r e n d s  a r e  n o t e d  i n  t h e  data w i t h  regard t o  
-
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4.6 S u r f a c e  A n a l y s i s  of Test Specimens 
P o s t  t e s t  examina t ion  of the s u r f a c e  of s e v e r a l  b a l l  speci-  
mens was conducted u s i n g  I n f r a r e d  ( I R )  Emiss ion  Spec t roscopy .  
The d e t e c t i o n  of t h i n  f i l m s ,  such as s o l i d  l u b r i c a n t  f i l m s ,  o r  
o x i d e s  can  be o b t a i n e d  by c a r e f u l  s t u d y  of  detai led IR-emission 
spectra. Work ongoing a t  R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e  ( R P I )  
u n d e r  t h e  leadersh ip  of D r .  James Lauer  i s  advanc ing  the  state- 
o f - t h e - a r t  of t h i s  p r o c e s s .  In  a n  e f f o r t  t o  u n d e r s t a n d  the s u r -  
f a c e  f i l m s  on the s i l i c o n  n i t r i d e  t e s t  b a l l s  and t o  assess the  
merits of t h e  IR-emission p rocess ,  s e v e r a l  t e s t  specimens were 
examined a t  R P I .  I n  t h e  case of  f i l m s  on metal s u b s t r a t e s  t h e  
p r o c e s s  r e v o l v e s  abou t  t h e  f a c t  t h a t  metal i s  a n  i n f r a r e d  r e f l e c -  
t o r  and has a low e m i t t a n c e  over a g i v e n  s p e c t r a l  r ange .  The 
spec t rum of a f i l m  on a metal s u b s t r a t e  i s  o b t a i n e d  by 
s u b t r a c t i n g  the  spectrum of a bare s u b s t r a t e  f rom t h e  t o t a l  
spec t rum.  It became q u i t e  c l e a r  t h a t  the  a n a l y s i s  would be much 
more complex f o r  t he  s i l i c o n  n i t r i d e  s u b s t r a t e  material. S i l i c o n  
n i t r i d e  e x h i b i t s  large g r a d i e n t s  of  t h e  o p t i c a l  c o n s t a n t s  i n  t h e  
s p e c t r a l  r e g i o n  of i n t e r e s t .  They i n t e r f e r r e d  w i t h  t h o s e  of t h e  
f i l m s  t h a t  were t o  b e  ana lyzed .  Also  t he  go ld -pa l l ad ium c o a t i n g  
which was p u t  on the  b a l l s  t o  enhance t he  SEM a n a l y s i s  i n t e r -  
f e r r ed  as well .  N e v e r t h e l e s s ,  some I R  r e s u l t s  were o b t a i n e d  
which demons t r a t e  t h e  merits of t h e  p r o c e s s  and p o i n t  t h e  way f o r  
f u r t h e r  and f u t u r e  work. 
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A s  a n  example, w e  w i l l  d i s c u s s  here the  r e s u l t s  f o r  t h e  ana- 
l y s i s  of s e v e r a l  of the  s i l i c o n  n i t r i d e  t e s t  ba l l s  t h a t  were run  
w i t h  t he  P03Ag g raph i t e  l u b r i c a n t .  
Balls #3 and #6:  P03Ag - T = 370OC 
Two b a l l s  were tested w i t h  t he  l u b r i c a n t  P03Ag a t  370OC. The 
maximum t r a c t i o n  c o e f f i c i e n t  was a lmos t  t he  same f o r  b o t h  ba l l s :  
- 4 4  f o r  #3 and .43 f o r  #6.  
The IR-emit tance spectra  a r e  shown i n  F i g u r e s  4.33 and 4.34. 
The spectra  of  t h e  s i l i c o n  n i t r i d e  s u r f a c e  are a l m o s t  i d e n t i c a l  
f o r  bo th  b a l l s  except f o r  a s l i g h t l y  higher  e m i t t a n c e  f o r  b a l l  #6  
between 930 and 1070 cm-l, The spectra  of  c o n t a c t  t r ack  and bur- 
n i s h e d  area are q u i t e  d i f f e r e n t  f o r  these b a l l s ,  a l t h o u g h  t h e y  
were t e s t e d  under  v e r y  s imilar  c o n d i t i o n s .  There i s  no i n d i c a -  
t i o n  of any s i l v e r  from the l u b r i c a n t  i n  t h e  spectra  of  b a l l  # 3 .  
The c o n t a c t  track of b a l l  #6 c o n t a i n s  s i l v e r  as i n d i c a t e d  by i t s  
f l a t  spectrum, The r a t i o e d  s p e c t r a  ( F i g u r e  4.35 and 4.36) i n d i -  
c a t e  a band around 850 cm-l f o r  t h e  b u r n i s h e d  area of  b a l l  #3  as 
w e l l  as f o r  t he  c o n t a c t  t r ack  of b a l l  #6. 
Balls #4 ,  1 4  and #16: P03Ag - T = 540°C 
Three b a l l s  were tested with the l u b r i c a n t  P03Ag a t  5 4 O O C .  
Again t h e  maximum t r a c t i o n  c o e f f i c i e n t  was a lmos t  i d e n t i c a l  w i t h  
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the  low v a l u e s  of .16, .14 and .15 f o r  bal ls  #4 ,  1 4  and #16 
r e s p e c t i v e l y .  
The IR-emit tance spec t ra  a r e  shown i n  ( F i g u r e s  4.37, 4.38 and 
4 .39) .  The spectrum of  t h e  surface of b a l l  #4 i s  a lmos t  i d e n t i c a l  
t o  t ha t  of b a l l  #3 e x c e p t  f o r  a s l i g h t l y  lower  e m i t t a n c e  between 
1060 and 1110 cm-1. 
t o  b e  o x i d i z e d  S i 0  o r  S i O H  as t h e i r  spectra  are o f  similar shape 
as t h o s e  of the  t h e o r e t i c a l  broad band o s c i l l a t o r  on t o p  of the  
s i l i c o n  n i t r i d e  s u b s t r a t e  (F igu re  4 . 4 0 ) .  Note tha t  the  e m i t t a n c e  
towards  the low and high f requency  end of t h e  spec t rum i s  a b o u t  
The s u r f a c e s  of t h e  ba l l s  #14  and #16 seem 
t h e  same as f o r  t he  unrun  ba l l ,  whereas w i t h  a metal o v e r c o a t  i t  
i s  g e n e r a l l y  lower.  All t h e  c o n t a c t  t racks seem t o  c o n t a i n  
s i l v e r  w i t h  t he  h i g h e s t  c o n t e n t  f o r  b a l l  #4  w i t h  a n  a l m o s t  f l a t  
spec t rum and a n  approx ima te ly  i d e n t i c a l  lower  c o n t e n t  f o r  b a l l s  
# 1 4  and #16. I n  a l l  t h e  c o n t a c t  t r a c k s  as w e l l  as i n  t h e  bur- 
n i s h e d  areas there i s  the 850 cm-l band p r e s e n t .  
area of b a l l  #4 i s  a lmos t  i d e n t i c a l  t o  t ha t  of  b a l l  # 3 .  There 
seems t o  be some s i l v e r  i n  the  b u r n i s h e d  area of b a l l  # 1 4  and #16 
wi th  the higher  c o n t e n t  f o r  #16. The r a t i o e d  spec t rum b a l l  # 4  
( F i g u r e  4 . 4 1 ) i s  a g a i n  s imilar  t o  t ha t  of b a l l  # 3 .  
The b u r n i s h e d  
T h i s  work seems t o  sugges t  t h a t  t he  p r e s e n c e  of s u r f a c e  ox i -  
des ( S i 0  and S i O H )  may be  a l a r g e  c o n t r i b u t o r  t o  the  s u c c e s s  of 
t he  l u b r i c a n t  a t  h igh  tempera ture .  Further work i s  needed i n  
these areas. 
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F u t u r e  work shou ld  be cons ide red  i n  which focused  t e s t i n g  
w i t h  one material and l u b r i c a n t  combinat ion,  b u t  more v a r i e d  tem- 
p e r a t u r e s ,  could  be ana lyzed ,  Greater emphasis should  be p l a c e d  
on past t es t  a n a l y s e s  such as d i s c u s s e d  here. 
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5.0 ANALYTICAL MODELLING 
5.1 T r a c t i o n  Model Development 
The purpose of t he  q u a n t i t a t i v e  t r a c t i o n  measurements con- 
duc ted  i n  Phase I and I1 i s  t o  p r o v i d e  t h e  r e q u i r e d  i n f o r m a t i o n  
t o  p r e d i c t  t h e  performance of b e a r i n g s  l u b r i c a t e d  wi th  v a r i o u s  
materials and s o l i d  l u b r i c a n t s .  
A l o g i c a l  s t e p  toward ach iev ing  t h i s  i s  t o  i n c o r p o r a t e  a 
s o l i d  l u b r i c a t e d  t r a c t i o n  model based on a c t u a l  t e s t  data i n  an 
advanced b e a r i n g  a n a l y s i s  computer program. 
SHABERTH C91 which was developed p r e v i o u s l y  a t  SKF I n d u s t r i e s ,  
was s e l e c t e d  f o r  t h i s  purpose.  SHABERTH a n a l y z e s  t h e  ther- 
momechanical performance of a m u t i p l e  number of b e a r i n g s  on a 
shaf t .  
The computer program 
A s o l i d  l u b r i c a n t  t r a c t i o n  model ( F i g u r e  5 .1)  was i n s t a l l e d  
i n  SHABERTH. It can  be r e p r e s e n t e d  by t he  f o l l o w i n g  e q u a t i o n s :  
u = SLOPE * SRR (5 .1)  
where 
P = t r a c t i o n  c o e f f i c i e n t  
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SLOPE = s l o p e  of l i n e a r  p o r t i o n  of t r a c t i o n  c u r v e  
SRR = s l i d e - t o - r o l l  r a t i o n  = s l i d i n g  v e l o c i t y / r o l l i n g  v e l o c i t y  
  MAX = maximum t r a c t i o n  c o e f f i c i e n t  
Both the  s l o p e  and the  maximum t r a c t i o n  c o e f f i c i e n t  are func-  
t i o n s  of p r e s s u r e ,  r o l l i n g  v e l o c i t y  and t e m p e r a t u r e  as g i v e n  by 
t h e  f o l l o w i n g  e q u a t i o n s :  
SLOPE = C 1  PC2 uc3 Tc4 (5 .3)  
( 5 . 4 )  
where 
P = c o n t a c t  p r e s s u r e  
U = r o l l i n g  v e l o c i t y  
T = t e m p e r a t u r e  
The s o l i d  l u b r i c a t e d  t r a c t i o n  data of Phase I [ 3 1  were 
augmented by t h e  r e s u l t s  ob ta ined  and r e p o r t e d  here i n  Phase 11. 
The maximum o r  l i m i t i n g  t r a c t i o n s  and t r a c t i o n  c u r v e  s l o p e s  f o r  
t h e  h igh  t e m p e r a t u r e  g raph i t e  t es t s  were t a b u l a t e d  and p l a c e d  i n  
a data f i l e s .  
used  t o  es tabl ish t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  f o r  t h e  v a r i o u s  
A r e g r e s s i o n  ana lys i s  program, BMDPlR [ l o ] ,  was 
m a t e r i a l / l u b r i c a n t  combinat ions.  The r e s u l t s  of  t h e  r e g r e s s i o n  
a n a l y s i s  are shown summarized i n  Tab le  5.1. The model was 
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Table 5.1 
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1 
1 
8 
I 
I 
1 
Summary of Regression Analysis Results for Various 
Solid Lubr icanth te r ia l  Combinations 
c2 -C 1  -Lubricant 
PO3AG/ 0.4278 0.326 
M50 Msc 
P3310 0.005343 0.944 
M50 Disc 
P2003 4.0878 0.505 
M5O Disc 
HAC2A/ 0.09936 0.231 
Si3N1.i Msc 
Si3N4 Disc 
HAC2A/ 0.11452 0.693 
M50 Disc 
P2003/ 223.855 -0.736 
c3 
1.087 
0.639 
-0.188 
0.853 
0.385 
0.329 
0 0 0.0000172 0.910 0.770 
0 0.0009377 0.478 0.482 0 
0 0 0.003942 -0.045 0.787 
0 o 0,26106 -0.386 0.317 
0 0.0002993 1.004 0.150 0 
I 
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i n s t a l l e d  i n  SHABERTH f o r  both b a l l  and c y l i n d r i c a l  r o l l e r  
b e a r i n g s .  
5.2 Pa rame t r i c  S t u d i e s  
To demons t r a t e  t h e  prac t ica l  u s e  of  t he  newly updated  
SHABERTH t r a c t i o n  models, a p r e l i m i n a r y  s t u d y  of s o l i d  l u b r i c a t e d  
b e a r i n g  heat g e n e r a t i o n  was conducted. For  comparison pu rposes ,  
p r e l i m i n a r y  heat g e n e r a t i o n s  were computed f o r  o i l  (SAE 15W-40) 
and s o l i d  l u b r i c a t e d  (P3310) M50 s t e e l  b e a r i n g s .  A deep groove  
b a l l  b e a r i n g  (DGBB) and a c y l i n d r i c a l  r o l l e r  b e a r i n g  ( C R B )  were 
compared under  o p e r a t i n g  c o n d i t i o n s  t y p i c a l  of d iese l  e n g i n e  
m a i n s h a f t  b e a r i n g  a p p l i c a t i o n s .  For  a deep  groove  b a l l  b e a r i n g  
where t h e  ba l l / r aceway  c u r v a t u r e  i n t r o d u c e s  a s i g n i f i c a n t  degree 
of m i c r o s l i p ,  the  s o l i d  l u b r i c a t e d  heat g e n e r a t i o n  was found t o  
b e  abou t  2.5 times the  o i l  l u b r i c a t e d  case. The d i s t r i b u t i o n  of 
heat g e n e r a t e d  ( i n  watts) a t  the v a r i o u s  c o n t a c t  l o c a t i o n s  i s  
shown s c h e m a t i c a l l y  i n  F i g u r e  5.2. The number i n  p a r e n t h e s e s  
i n d i c a t e  the  heat g e n e r a t e d  with t he  s o l i d  l u b r i c a n t  (P3310) .  
A c y l i n d r i c a l  r o l l e r  bea r ing  o p e r a t e s  wi th  much less  
m i c r o s l i p  I n  t he  r o l l i n g  element t o  raceway c o n t a c t s .  The pre l i -  
minary  a n a l y s i s  g i v e s  a lower heat g e n e r a t i o n  f o r  the s o l i d  
l u b r i c a t e d  CRB as shown i n  F igu re  5.3. The major  d i f f e r e n c e  i s  
t h e  heat g e n e r a t e d  a t  the  raceway c o n t a c t s .  The small amount of 
102 
AT86D002 
.- 
'HEAT GENERATION 
DEEP GROOVE BALL BEARING (6024) 
SPEED 2000 RPM 
L O A D  4000 LBS 
. .  
W 
TEMQ: 
LUBE: 
TOTAL: 265 W A T T S  
(6Q5) 
Figure 51-2 Solid and Liquid Lubrication Heat 
Generation f o r  a Deep Groove Ball Bearing 
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. HEAT GENERATION 
CY LlNORlCAL ROLLER BEARING 
SPEED: 2000 RPM 
LOAD: 8000 LBS 
. .  
TEMP: 
LUBE: 
200 O F  
1 5 W 4 0  
(P3SlO 
w 
TOTAL: 840 WATTS 
(62) 
Figure 5.3 Solid and Liquid Lubrication Heat 
Generation for a Cylindrical 
Roller Bearing 
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microslip in the CRB allows the heat generation to be dominated 
by viscous inlet pumping of the oil outside the Hertzian contact. 
However, the degree to which a similar behavior may exist for 
solid lubricants is not known. This and other factors, such as 
roller/flange heat and cage/rolling element/land heat present 
unknowns to the study that require that these results be con- 
sidered tentative at best. 
Nevertheless, bearing in mind all the unknowns and assump- 
tions, the possibility of a low friction, solid lubricated, 
cylindrical roller bearing remains hopeful. 
105 
AT8 6 DO 0 2 
._ 
6.0 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The rolling/sliding traction tests documented and presented 
in Section 4 of this report yielded the following conclusions: 
1. The traction curves of solid lubricated contacts are charac- 
terized by a more rapid rise and a higher maximum traction 
level than the curves for oil lubricated contacts. 
Therefore, a bearing or contact geometry that inherently 
operates with micro/macroslip will be characterized by higher 
heat generation when lubricated with solids. This was 
demonstrated at the lower temperature tests of Phase I as 
well. 
2. The graphite lubricants provided discontinuous performance as 
a function of temperature. A l l  three lubricants tested per- 
formed poorly in terms of traction and wear protection at the 
2 O O O C  (4OOOF) temperature range. This behavior is believed 
to be due to the evaporation of moisture in the graphite and 
the inability of the additives to function at that 
temperature. - 
3. Each of the graphite lubricants when tested on silicon 
nitride yielded lower traction levels and better wear protec- 
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m 
t i o n  a t  the 54OoC (1000OF) t e m p e r a t u r e  l e v e l ,  t h a n  a t  t h e  
370°C ( T O O O F )  l e v e l .  
4 .  The maximum t r a c t i o n  measured f o r  the  graphi te  l u b r i c a t e d  
s i l i c o n  n i t r i d e  c o n t a c t s  showed t o  be s e n s i t i v e  t o  c o n t a c t  
stress and r o l l i n g  speed ,  w i t h  the  fo rmer  of  t h e  two domi- 
n a t i n g  the  behav io r .  S i m i l a r  t r e n d s  were no ted  a t  room tem- 
p e r a t u r e  d u r i n g  Phase I. 
5. The u s e  of a n  e l e c t r o d e p o s i t e d  t h i n  dense  chrome c o a t i n g  
(Armoloy) on M50 s t ee l  d i d  n o t  enhance graphite l u b r i c a n t  
b u r n i s h i n g ,  no r  d i d  i t  p rov ide  lower  t r a c t i o n  l e v e l s  t h a n  
graphi te  l u b r i c a t e d  uncoated M50 s t e e l .  
6 .  The Armoloy c o a t i n g  when used i n  c o n j u n c t i o n  wi th  s i l i c o n  
n i t r i d e  t es t  bal ls  and g r a p h i t e  l u b r i c a n t s  performed p o o r l y .  
SEM examina t ions  showed t r a n s f e r  of c o a t i n g  materials t o  t h e  
b a l l  s u r f a c e .  Wear p r o t e c t i o n  was minimal.  This is i n  
c o n t r a s t  t o  r e p o r t s  abou t  the  per formance  of Armoloy i n  
r u n n i n g  M5O s t e e l  bea r ings .  It s u g g e s t s  that the s i l i c o n  
n i t r ide /Armoloy  t r i b o l o g i c a l  p a i r i n g  i s  s u s p e c t .  
7. The Ti tan ium NLtr ide  coa ted  M50 s t e e l  d i s k  when o p e r a t e d  
w i t h o u t  l u b r i c a n t s  of any t y p e  p rov ided  bet ter  wear p r o t e c -  
t i o n  t h a n  the Armoloy. Even though some T i  was found t r a n s -  
ferred t o  the b a l l  and t r a c t i o n  l e v e l s  were higher  t h a n  
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expected, the wear was substantially less than other material 
combinations tested. 
8. SEM examinations of the TIN coated disk did reveal that 
failure of the coating occurs at or along surface flaws and 
even grinding marks. This suggests that the success of these 
thin hard coatings is very dependent upon substrate surface 
preparation. 
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6.2 Design Criteria 
The Phase I e f f o r t  was summarized [ 3 ]  by t h e  documenting of 
s e v e r a l  s u g g e s t e d  d e s i g n  c r i t e r i a  which were f o r m u l a t e d  abou t  the  
f a c t  t h a t  s o l i d  l u b r i c a t i o n  i n  r o l l i n g  b e a r i n g s  c r e a t e s  a heat 
d i s s i p a t i o n  problem. As s t a t e d  i n  t h e  Phase I r e p o r t ,  solid 
l u b r i c a t e d  r o l l i n g / s l i d i n g  c o n t a c t s  g e n e r a t e  larger amounts of 
heat t h a n  c o n v e n t i o n a l l y  ( o i l )  l u b r i c a t e d  b e a r i n g s .  D i s s i p a t i o n  
of t h i s  heat i s  a major  problem (due  t o  t he  lack  of a f lowing  
medium) and must be deal t  w i t h  a t  t h e  b e a r i n g  d e s i g n  l e v e l .  
S e v e r a l  of t he  d e s i g n  c r i t e r i a  p r e s e n t e d  i n  t h e  Phase I 
r e p o r t  are  repeated and enhanced here w i t h  some a d d i t i o n s .  These 
c r i t e r i a  are: 
1. Reduce Con tac t  S t r e s s  - T h i s  c a n  be  a c h i e v e d  by u s i n g  a 
larger number of r o l l i n g  e lements  o r  a larger  s i z e d  r o l l i n g  
e l emen t .  This w i l l  lower  t h e  t r a c t i o n  f o r c e s  a t  t h e  c o n t a c t  
t h e r e b y  l o w e r i n g  t h e  g e n e r a t e d  heat. Lower c o n t a c t  stresses 
w i l l  a l s o  enhance the  maintenance of a s o l i d  l u b r i c a n t  f i l m .  
2. Minimize S l i d i n g  i n  t he  Contact  - S l i p  w i t h i n  the  c o n t a c t s  
o f  r o l l i n g  beap ings  i s  a large c o n t r i b u t o r  t o  the  o v e r a l l  
s l i d i n g  p r e s e n t  and hence a c o n t r i b u t o r  t o  t h e  heat genera-  
t i o n .  The amount of s l i p  is a f u n c t i o n  of the  confo rmi ty  of 
the  raceway t o  t h e  r o l l i n g .  Reducing t h e  confo rmi ty ,  r e d u c e s  
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the  s l i p .  A c y l i n d r i c a l  r o l l e r  b e a r i n g ,  t h e r e f o r e ,  has a 
decided advantage  b u i l t  i n t o  i t s  des ign .  However, where t h e  
a p p l i c a t i o n  w a r r a n t s  a b a l l  b e a r i n g  b e  u s e d ,  a reduced con- 
f o r m i t y  shou ld  be cons ide red .  Reducing the  c o n f o r m i t y  w i l l ,  
however, i n c r e a s e  t he  c o n t a c t  s tress.  The d e s i g n  e f f o r t  
s h o u l d  s t r i k e  a b a l a n c e  between t h i s  c r i t e r i o n  and c r i t e r i o n  
1. 
3 .  Heat D i s s i p a t i o n  - The b e a r i n g  and hous ing  d e s i g n  must pro- 
v i d e  means of  d i s s i p a t i n g  the  heat g e n e r a t e d  a t  t he  c o n t a c t s .  
B e a r i n g  geometry shou ld  be  c o n s t r u c t e d  i n  such  a manner as t o  
maximize s u r f a c e  area f o r  c o o l i n g .  The u s e  of  c o o l i n g  a i r  
s h o u l d  b e  c o n s i d e r e d  where p o s s i b l e .  
thermal c o n d u c t i v i t y  shou ld  be cons ide red .  
Materials w i t h  good 
4 .  Wear R e s i s t a n t  Coa t ings  and Materials - The u s e  of wear 
r e s i s t a n t  hard c o a t s  i n  s e l e c t i v e  areas w i l l  r educe  the  wear 
damage c r e a t e d  by t h e  l a c k  of  c o n v e n t i o n a l  l u b r i c a t i o n .  One 
c r i t i c a l  area t h a t  might b e n e f i t  from the  u s e  of wear 
r e s i s t a n t  hard c o a t s  i s  t h e  cage / l and  i n t e r f a c e .  
6.3 Recommendations For  F u t u r e  Ana lys i s  
The a u t h o r s  of t h i s  r e p o r t  a re  of t he  o p i n i o n  that  f u r t h e r  
work i s  needed i n  a n  e f f o r t  t o  u n d e r s t a n d  t h e  i n c o n s i s t e n c i e s  
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t h a t  were no ted  i n  t h e  behav io r  of t h e  s o l i d  l u b r i c a n t s  t e s t ed .  
E x t e n s i v e  p o s t  t e s t  a n a l y s i s  a l o n g  w i t h  c a r e f u l  e x p e r i m e n t a t i o n  
i s  needed t o  u n d e r s t a n d  the  tribomechanisms t h a t  govern  s u c c e s s  
o r  f a i l u r e  of a l u b r i c a n t  i n  a g i v e n  t r i b o s y s t e m .  
o r  absence  of s u r f a c e  f i l m s  i s  a key f a c t o r .  
The p r e s e n c e  
One p o s t  tes t  examina t ion  t h a t  appears t o  h o l d  promise  t o  a i d  
i n  t h i s  k i n d  of s t u d y  i s  I n f r a r e d  ( I R )  m i s s i o n  Spec t roscopy .  
The d e t e c t i o n  of t h i n  f i l m s ,  such as s o l i d  l u b r i c a n t  f i l m s ,  o r  
o x i d e s  can  be o b t a i n e d  by c a r e f u l  s t u d y  of d e t a i l e d  IR-emission 
spectra  . 
The IR-emission s t u d i e s  p r e s e n t e d  i n  S e c t i o n  4 of t h i s  r e p o r t  
i l l u s t r a t e d  t h i s  p o t e n t i a l .  The a u t h o r s  f e e l  tha t  a d d i t i o n a l  
t e s t i n g  w i t h  a less  broad  matrix o f  c o n d i t i o n s  and materials b u t  
wi th  i n c r e a s e d  emphasis on p o s t - t e s t  a n a l y s i s  i s  needed. I n  t h i s  
manner the u n d e r s t a n d i n g  of the t r i b o l o g i c a l  laws g o v e r n i n g  the  
s u c c e s s  o r  f a i l u r e  o f  a l u b r i c a n t  can  be be t t e r  ach ieved .  
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